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health	 of	 the	 21st	 century.	 The	 recent	 report	 on	 AMR	 predicted	 that	 by	 2050	 10	
million	deaths	a	year	will	be	directly	attributable	 to	AMR	bacterial	 infections.	The	
dissemination	 of	 antibiotic	 resistance	 genes	 (ARG)	 in	 to	 the	 environment	 has	
















virulence-associated	genes.	 This	 study	 identified	ST940	as	an	 important	 sequence	
type	(ST)	in	the	dissemination	of	the	ESBL	blaCTX-M-15	gene	and	suggests	further	work	
to	 investigate	 the	 importance	 of	 this	 ST	 type	 in	 the	 transmission	 of	 this	 clinically	
important	ARG.		
The	 work	 presented	 here	 supports	 previous	 studies	 demonstrating	 extensive	
environmental	ARG	dissemination	in	rivers	as	a	direct	result	of	WWTP	impacts	and	


























































































































Antimicrobial	 resistance	 (AMR)	 no	 doubt	 constitutes	 one	 of	 the	 most	 important	
threats	 to	human	health	of	 the	21st	 century.	A	post-antibiotic	era	whereby	minor	
infections	and	common	illness	become	fatal	is	predicted	to	occur	within	the	century	
(O'Neill,	 2016).	 The	 recent	 emergence	 of	 the	 mobilisable	 colistin	 conferring	
resistance	genes	mcr-1	and	mcr-2	has	highlighted	the	severity	of	the	current	situation	









production	 and	 ARG	 dissemination	 have	 far	 outweighed	 the	 call	 for	 studies	 to	
investigate	the	roles	these	products	play	in	the	natural	environment.	Not	only	has	





play	 is	 becoming	 increasingly	 important.	 If	 the	 innate	 nature	 of	 antibiotics	 is	
elucidated,	 then	 it	 may	 be	 possible	 to	 find	 new	 mechanisms	 combating	 ARG	
evolution.	 Antibiotics	 are	 often	 found	 at	 sub-inhibitory	 levels	 in	 the	 environment	
(Michael	et	al.,	2013,	Kummerer,	2009,	Bernier	and	Surette,	2013)	and	have	been	
suggested	to	play	a	role	in	quorum	sensing	and	biofilm	formation.	Selman	Waksman,	
the	 microbiologist	 who	 coined	 the	 term	 “antibiotics”	 believed	 they	 played	 no	
significant	 role	 in	 “modifying	or	 influencing	 living	processes	 that	occur	 in	nature”	
(Waksman,	 1961).	 Although	 there	 has	 been	 little	 evidence	 to	 disprove	 this,	 the	
complex	nature	of	antibiotic	production	suggests,	contrary	to	this,	 that	antibiotics	
must	 play	 an	 important	 environmental	 role	 (Sengupta,	 2013).	 In	 the	 natural	
environment	survival	 is	community	driven	with	multi-cellular	networks	 interacting	
making	it	difficult	to	determine	the	precise	role	antibiotics	play	(Bernier	and	Surette,	
2013).	Determining	 a	 clear-cut	mechanism	behind	 antibiotic	 action	 in	 the	natural	
habitat	 is	 therefore	 incredibly	 intensive.	 The	 question	 posed	 by	 Julian	 Davis	 “are	
antibiotics	naturally	antibiotics?”	is	an	important	question	that	must	be	addressed	in	





The	mass	 production	 of	 penicillin	 in	 1945	 started	 the	 industrial	 era	 of	 antibiotic	
production	which	no	doubt	 contributed	 to	 the	 rapid	 dissemination	of	ARG	which	
Fleming	had	warned	about	in	his	Nobel	 lecture	in	1945		(Aminov,	2010).	Although	







There	 are	 multiple	 AMR	 mechanisms;	 target	 modification,	 reduced	 penetration,	
increased	 efflux,	 bypass	 mechanisms,	 target	 overproduction	 and	 enzymatic	
inactivation	(Blair	et	al.,	2015).	Gram-negative	bacteria	are	also	characteristically	less	






linking	 	 between	murein	 strands	 through	 covalently	 binding	 the	 	 transpeptidase,	
responsible	 for	 cross-linking,	 	 and	 D-alanine	 D-alanine	 carboxypeptidase	 which	
removes	the	terminal	D-alanine		(Kong,	2010).		
	
Despite	 the	widespread	 resistance	 to	b-lactams,	 they	 are	 routinely	 used	 and	 are	
often	first-line	response	antibiotics	due	to	their	broad	spectrum	activity	and	low	level	
toxicity,	with	third	and	fourth	generation	cephalosporins	listed	by	the	WHO	advisory	










sequences	 for	b-lactamases	which	 has	made	 grouping	 difficult	 (Bush	 and	 Jacoby,	
2010).		
	
The	 first	 classification	 system	 consisted	 of	 four	 classes;	 A,	 B,	 C	 and	 D	 which	 are	
grouped	 according	 to	 sequence	 similarity	 (Ambler,	 1980,	 Jaurin,	 1981,	 Ouellette,	
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1987).	 Class	 A	 b-lactamases	 are	 primarily	 involved	 in	 the	 enzymatic	 cleavage	 of	
penicillin	and	ampicillin.	 They	are	also	able	 to	hydrolyse	most	 cephalosporins	but	
most	carry	out	hydrolysis	of	a	specific	subset	(Hall	and	Barlow,	2004).	The	class	B	b-
lactamases,	 designated	 the	 metallo-b-lactamases	 due	 to	 the	 requirement	 of	 a	
bivalent	 metal	 ion	 (commonly	 Zn2+)	 are	 structurally	 unrelated	 to	 the	 serine-b-
lactamases	(Classes	A,	C	and	D)	and	instead	of	hydrolysing	substrates	by	forming	an	
acyl	 enzyme	 through	 an	 active	 site	 serine,	 this	 utilise	 an	 active-site	 zinc	 ion	 to	




b-lactamases	 and	have	a	 very	broad	 spectrum	of	 activity	 against	 cephalosporin’s.	
Class	 D	 enzymes	 are,	 like	 Class	 A	 b-lactamases,	 primarily	 penicillinases,	 but	 are	
involved	in	hydrolysing	oxacillin,	cloxacillin,	methicillin	and	carbenicillin	(Naas,	1999).	




(which	 	 contains	 all	 Class	 C)	 cephalosporins,	 group	 2	 (Classes	 A	 and	 D)	 broad-
spectrum,	 inhibitor	 resistant	 and	 extended-spectrum	 b-lactamases	 (ESBL)	 serine	
carbapenemases	and	group	3	which	consists	of	the	metallo-b-lactamases.	Group	1	
cephalosporinases	are	chromosomally	encoded	b-lactamases	which	are	encoded	by	
many	 Enterobacteriaceae	 (Jacoby,	 2009).	 They	 are	 generally	 not	 inhibited	 by	
clavulanic	acid	and	display	resistance	to	cefotaxime	but	not	ceftazidime	(Yu,	2008).	
AmpC	 expression	 is	 low	 but	 inducible	 on	 exposure	 and	 when	 induced	 in	 large	
amounts	group	1	enzymes	are	able	to	confer	resistance	to	carbapenems,	particularly	
ertapenem	 (Bush,	 1982,	 Jacoby,	 2009,	 Livermore,	 1987,	 Weber,	 1990,	 Bradford,	
1997,	 Jacoby,	 2004,	 Quale	 et	 al.,	 2006).	 The	 most	 common	 plasmid-mediated	










lactamases	 which	 hydrolyse	 penicillins	 and	 early	 cephalosporins	 but	 are	 strongly	
inhibited	 by	 clavulanic	 acid	 and	 tazobactem,	 examples	 include	 blaTEM	and	 blaSHV.	
Group	2be	 is	 the	ESBLs	consisting	of	blaCTX-M	enzymes,	also	sensitive	 to	clavulanic	
acid.	Group	2br	comprised	broad-spectrum	b-lactamases	which	are	resistance	to	the	
inhibitor	clavulanic	acid,	examples	include	blaTEM-30,		and	5	of	the	72	blaSHV		enzymes	
(Jacoby	 and	Munoz-Price,	 2005,	 Bush	 and	 Jacoby,	 2010).	 Group	 2ber	 consists	 of	
blaTEM	enzymes	that	are	relatively	resistant	to	clavulanic	acid	and	have	been	termed	
complex	 mutant	 TEM	 (CMT).	 Group	 2c	 are	 penicillinases	 which	 are	 effectively	
inhibited	by	clavulanic	acid,	Group	2ce	have	expanded	activity	against	cefepime	and	




2df	 enzymes	 have	 carbapenem	 hydrolysing	 activities	 	 and	 are	 found	 primarily	 in	
Acinetobacter	 baumannii	 on	 the	 chromosome	 (Walther-Rasmussen	 and	 Hoiby,	
2006).	Subgroup	2e	b-lactamases	can	hydrolyse	extended-spectrum	cephalosporins	
and	are	inhibited	by	clavulanic	acid	or	tazobactam.	The	final	subgroup	of	the	Group	
2	 serine	b-lactamases	 is	 subgroup	2f	which	 consist	 of	 carbapenemases	which	are	
inhibited	 more	 efficiently	 by	 tazobactam	 than	 clavulanic	 acid	 (Bush	 and	 Jacoby,	
2010).	
	
The	Group	3	metallo-b-lactamases	are	structurally	and	 functionally	 separate	 from	















et	 al.,	 2004,	Bush	 and	 Jacoby,	 2010).	 Subgroup	3a	 consists	 of	 the	major	plasmid-
encoded	metallo-b-lactamases	blaVIM		and	blaIMP.	Subgroup	3b	is	a	smaller	group	that	












as	 co-selective	 effects	 of	 the	 mobile	 genetic	 elements	 (MGEs)	 particularly	 with	
respect	to	carriage	of	aminoglycoside	and	fluoroquinolone	genes	(Woodford	et	al.,	
2009,	Dhanji,	2011,	Woodford,	2008,	Dhanji	et	al.,	2011,	Canton	and	Ruiz-Garbajosa,	





blaCTX-M-2	 gene	 cluster	 and	 the	 gene	 clusters	 blaCTX-M-8,	 blaCTX-M-9,	 blaCTX-M-25	 are	
believed	to	have	originated	from	K.	georgiana	kluG,	kluY	and	blaCTX-M-78	respectively		
(Humeniuk	et	al.,	2002,	Poirel,	2002	,	Olson,	2005,	Rodriguez	et	al.,	2010).	Although	
it	 is	 widely	 accepted	 that	 Kluyvera	 spp.	 are	 responsible	 for	 the	 evolution	 of	 the	
mobilisable	 blaCTX-M	 genes	 there	 has	 been	 some	 speculation	 due	 to	 evidence	
suggesting	that	the	evolutionary	relationships	 	of	blaCTX-M	and	Kluyvera	16S	do	not	
completely	 correlate	 (Canton,	 2012).	 Another	 concern	 over	 the	 suggestion	 that	
Kluyvera	 	 is	 the	 ancestral	 origin	 of	 blaCTX-M	 	 is	 that	 three	 suggested	 ancestral	
chromosomal	 genes	 originate	 from	 one	 species	 each	 forming	 separate	 clusters	




strong	 promoter.	 The	 ISEcp1	 and	 ISCR1	 provide	 this	 strong	 promoter	 in	
Enterobacteriaceae	 but	 have	 not	 been	 found	 in	 any	 environmental	 isolates	 of	
Kluyvera	(Canton,	2012).	b-lactamases	have	few	essential	positions;	136	polymorphic	
positions	 have	been	 identified	with	 some	 increasing	 the	 spectrum	of	 activity	 and	
some	 restoring	 activity	 of	 previous	 mutations.	 The	 instability	 of	 these	 enzymes	








membrane	 proteins	 and	 resultant	 accumulation	 of	 drugs	 leading	 to	 cell	 death	
(Kohanski,	2010).		Aminoglycoside	resistance	is	widespread.	The	global	dissemination	
of	resistance	to	these	antibiotics	has	rendered	them	virtually	useless	in	the	treatment	
of	 some	 infections.	 Aminoglycoside	 modifying	 enzymes	 have	 different	 modes	 of	
action	 with	 some	 modifying	 the	 –OH	 or	 NH2	 groups	 of	 the	 2-deoxystreptamine	
nucleus	 or	 the	 sugar	moieties.	 There	 are	 three	 different	 types	 of	 aminoglycoside	
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modifying	 enzymes:	 phosphotransferases,	 nucleotidyltransferases	 and	










antibiotics	 and	 are	mainly	 used	 in	 the	 treatment	 of	 urinary	 tract	 infections	 (UTI)	
caused	by	Gram-negative	pathogens	They	are	listed	in	as	important	antimicrobials	in	
the	 treatment	 of	 human	 infections	 (WHO,	 2013).	 Substitution	 at	 C-6	 and	 C-8	
positions	results	in	more	effective	drugs	and	a	substitution	at	the	C-6	position	with	
fluorine	 results	 in	 fluoroquinolone	 production	 (Mitscher,	 2005,	 Domagala,	 1994,	
Guo,	2011,	Aldred,	2014).	The	highly	effective	nature	of	quinolones	combined	with	a	
low	toxicity	makes	them	highly	favourable	in	the	clinic	(Sharma,	2009).	They	are	also	
used	 in	 veterinary	 medicine	 to	 treat	 infections	 in	 food-producing	 animals,	 in	
aquaculture	and	 companion	animals	 (Liu,	 2006).	Because	of	 their	 extensive	use	a	
wide	range	of	 resistance	mechanisms	have	been	 identified.	The	 fluoroquinolones,	
have	 been	 used	 extensively	 to	 treat	 both	 Gram-positive	 and	 Gram-negative	
infections.	There	are	three	mechanisms	by	which	resistance	can	occur;	mutation	of	
target,	 plasmid	 mediated	 involving	 efflux	 and	 a	 decreased	 interaction	 and	







location	 of	 these	 amino	 acid	 substitutions	 is	 termed	 the	 quinolone-resistance-
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determining-region	(Cabral,	1997).	Efflux	mediated	resistance	in	E.	coli	is	mediated	
by	 the	AcrAB-TolC	efflux	pump	with	mutations	 in	 the	acrR	 gene	 increasing	pump	
activity	(Wang	2001).	Mutations	inactivate	marR	resulting	in	increased	activation	of	
acrAB	 and	 tolC	 	 decreasing	 in	 turn	 the	 translation	 of	 the	 ompF	 gene	 ultimately	














the	 treatment	 of	 patients	with	 allergic	 reactions	 to	 penicillin.	 The	 first	macrolide	
antibiotic	to	be	discovered	was	erythromycin	which	was	first	used	in	the	early	1950’s	
(Lewis,	 2013)	 and	are	 listed	by	 the	WHO	as	 critically	 important	antimicrobials	 for	
human	medicine	(WHO,	2013)Erythromycin	 is	useful	 in	treating	some	 intracellular	
pathogens	 including	 Legionella,	 Mycoplasma	 and	 Chlamydia.	 	 However,	
erythromycin	 can	 cause	 gastrointestinal	 (GI)	 intolerance	 and	 has	 a	 short	 half-life	
making	 them	 unfavourable.	 The	 development	 of	 advanced	 macrolides	 with	 an	
extended	spectrum	of	activity	and	increased	half-life	has	however	resulted	in	more	
favourable	 characteristics	 for	 use	 in	 the	 clinic	 (Zuckerman,	 2004).	 The	 use	 of	
clarithromycin	 and	 azithromycin	 has	 been	 extensive	 since	 their	 introduction	 in	
treatment	of	respiratory	infections,	sexually	transmitted	diseases	and	Helicobacter	
or	Mycobacterium	avium	complex	(Zuckerman,	2004).	Ketolides	are	synthesised	by	
substitution	 of	 the	a-L-cladinose	moiety	 at	 the	 3	 position	 of	 the	 14-memebered	
erythronolide	 A	 ring	 which	 in	 turn	 provides	 greater	 acid	 stability	 and	 prevents	
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resistance	 (Douthwaite,	 2001,	 Shain,	 2002).	 	 Macrolide	 antibiotics	 function	 by	
reversibly	binding	 to	 the	50s	subunit	of	 the	 ribosome	blocking	protein	 translation	
(Sturgill,	 1992).	 The	 ketolides	 bind	 the	 23S	 rRNA	 enabling	 binding	 to	 macrolide	
resistance	bacteria	(Zuckerman,	2004).		
	
Macrolide	 resistance	 is	 usually	 via	 multiple	 mechanisms	 including	 ribosomal	
modification	 through	 methylation	 or	 mutation,	 efflux	 and	 drug	 inactivation	 and	




dimethylating	 a	 key	 adenine	 residue	 in	 the	 23S	 ribosomal	 subunit	 which	
consequently	 prevents	 binding	 of	 macrolide	 antibiotics.	 This	 effective	 mode	 of	
resistance	has	resulted	in	approximately	40	different	erm	genes	identified	(Roberts,	
1999b).	Target	modification	resistance	is	 less	frequently	detected	but	 involves	the	
modification	 in	 rrn	 operons	 encoding	 the	 23S	 subunit.	 The	 mechanism	 confers	
resistance	 to	 clarithromycin	 in	 the	 majority	 of	 Mycobacterium	 avium	 and	
Helicobacteria	pylori	(Leclercq,	2002).	Efflux	of	macrolide	antibiotics	is	primarily	via	






protein	 synthesis	 (Chopra	 and	 Roberts,	 2001).	 In	 addition	 to	 their	 antibacterial	








processes	 through	 the	 inhibition	 of	 cleavage	 by	 RNase	 II	 which	 in	 turn	 prevents	
processing	of	RNAs	which	may	 in	part	explain	why	these	antimicrobials	 infer	such	
abroad	range	of	therapeutic	activities	(Chukwudi	and	Good,	2016).	Regardless	of	the	





is	 conferred	 by	 the	 tet	 genes	 which	 encode	 efflux	 mechanisms	 to	 remove	
tetracyclines	from	the	cell	and	reduce	intracellular	concentration.	The	efflux	proteins	
encoded	by	the	tet	genes	are	of	the	major	facilitator	superfamily	(MFS).	In	addition	
to	 tet	 genes,	 ribosomal	 protection	 proteins	 can	 also	 confer	 resistance	 to	
tetracyclines.	 These	 are	 cytoplasmic	 proteins	 able	 to	 confer	 a	 wide	 range	 of	
resistance	to	tetracycline	antibiotics.	They	are	homologous	to	the	elongation	factors	
EF-Tu	and	EF-G	(Sanchez-Pescador,	1988,	Taylor,	1996).	The	TetM,	TetO	and	OtrA	























CMS	 (syn.	 colistin	 methanesulphate,	 colistin	 sulphonyl	 methate,	 penta-	 sodium	
colistimethanesulphate),	which	is	microbiologically	inactive	but	becomes	active	after	






membrane	 of	 Gram-negative	 bacteria	 through	 electrostatic	 interaction	 which	
competes	with	divalent	cations	for	membrane	lipid	phosphate	groups	(Dixon,	1986).	
The	 attachment	 of	 polymyxins	 causes	 membrane	 disruption	 and	 release	 of	




used	 to	 remove	 polymyxin	 from	 the	 cell	 and	 capsule	 formation	 is	 also	 utilised	
(Campos,	2004,	Padilla,	2010).		
PhoP/PhoQ	 and	 PmrA/PmrB	 are	 environmentally	 stimulated	 two-component	
systems	 (TCS)	 which	 result	 in	 the	 overexpression	 of	 LPS	modifying	 genes	 (Gunn,	
1996,	Gunn,	2001,	Trent,	2001,	Abraham,	2009,	Miller,	2011)).	The	stimulation	of	the	
PmrA/PmrB	 TCS	 upregulates	 the	 pmrCAB	 and	 arnBCADTEF-pmrE	 operons	 which	
mediate	synthesis	and	transfer	of	PEtN	and	L-Ara4N	t	to	lipid	A.	PhoP/PhoQ	indirectly	
activates	 the	 PmrA/PmrB	 TCS	 through	 PmrD	 which	 once	 activated,	 the	
phosphorylated	 PmrA	 binds	arnBCADTEF	operon	 promoter	 increasing	 recognition	
and	binding	RNA	polymerase	 leading	 to	 lipid	A	modification	 (Wosten,	 1999).	 Like	
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these	TCS,	the	most	recent	polymyxin	resistance	conferring	genes	mcr-1	and	mcr-2	
confer	 resistance	 through	modification	 of	 lipid	 A	 (Liu,	 2015,	 Xavier	 et	 al.,	 2016).	
Capsular	 polysaccharides	 from	Klebsiella	 pneumoniae	have	been	 reported	 to	 trap	
polymyxins	preventing	the	drug	from	reaching	the	cell	however	this	mechanism	of	
resistance	 is	debated	by	some	(Llobet,	2008,	Clements,	2007).	Efflux	of	polymyxin	



























due	 to	 increased	 expression	 (Piddock,	 2006).	 	 Efflux	 pumps	 are	 able	 to	 confer	





There	 are	 five	 classes	 of	 chromosomally	 encoded	 efflux	 pumps:	 the	 resistance	
nodulation	 division	 (RND)	 family,	 the	 major	 facilitator	 superfamily	 (MFS),	
staphylococcal	 multiresistance	 (SMR),	 multidrug	 and	 toxic	 compound	 extrusion	
(MATE)	 families	and	ATP	binding	cassette	 (ABC).	RND	pumps	are	 tripartite	proton	
exporters,	functioning	through	exchange	of	hydrogen	ions	for	drug	molecules	they	
consist	of	 a	 transporter,	 a	periplasmic	accessory	protein	and	an	outer	membrane	
protein	 channel	 (Paulsen,	 2003,	 Piddock,	 2006).	 MFS	 pumps	 possess	 12	




but	 are	 present	 in	 pathogenic	 bacterial	 genomes.	 A	 recent	 study	 found	 a	 novel	
tripartite	 resistance	nodulation	division	 (RND)	on	a	 IncH1	plasmid	which	was	also	
carrying	the	New	Delhi	metallo-b-lactamase	1	(NDM-1)	gene	conferring	resistance	to	
carbapenems	 (Dolejska	 et	 al.,	 2013).	 The	 RND	 class	 of	 multidrug	 efflux	 pumps	




Not	 only	 are	 bacteria	 antibiotic	 resistant,	 persistent	 infections	 are	 becoming	
increasingly	 reported	as	 the	knowledge	around	these	bacteria	 improves.	Persister	
bacteria	are	defined	as	those	cells	that	are	metabolically	quiescent,	neither	growing	
or	dying	when	exposed	to	bactericidal	antibiotic	concentrations	(Lewis,	2013).	The	
persistence	phenotype	 is	not	 inherited	and	 induction	of	persister	cell	 formation	 is	
stochastic	 (Germain,	 2015).	 Persister	 formation	 is	 generally	 regarded	 as	 a	 ‘bet-
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hedging’	 strategy	 to	 evade	 unpredictable	 stress	 allowing	 a	 small	 population	 to	
survive	in	extreme	conditions	(Losick	and	Desplan,	2008,	Veening,	2008).	The	number	
of	persisters	has	previously	been	reported	to	increase	in	biofilms	suggesting	a	high	





2004).	 	 E.	 coli	 typically	 encodes	 11	 type	 II	 TA	 systems	 which	 are	 involved	 in	
persistence,	the	HipA	(high	persister	protein	A)	kinase	of	the	hipBA	model,	is	one	of	




the	 stringent	 response	 is	 linked	 to	 persistence	 of	 bacteria	 however	 the	 precise	
mechanisms	is	unknown.		
	
The	 function	 of	 antibiotics	 requires	 cells	 to	 be	 actively	 dividing,	 the	 formation	 of	
































amount	 of	 antimicrobials	 being	 used	 in	 treatment	 of	 active	 infections	 and	
prophylactically	 to	 prevent	 infections	 but	 also	 for	 growth	 promotion	 purposes.		
Despite	research	showing	high	levels	of	resistance	as	a	direct	result	of	antimicrobial	
























Currently	 antibiotic	 discovery	 is	 not	 an	attractive	prospect	 to	 industry	due	 to	 the	
likelihood	 of	 AMR.	 Therefore,	 incentives	 were	 set	 out	 in	 the	 recent	 government	





AMR	 for	 both	 animal	 and	 human	 consumption;	 5.	 promotion	 of	 new,	 rapid	
diagnostics;	 6.	 promotion	 of	 the	 development	 and	 the	 use	 of	 vaccines	 and	



















Although	 incentives	are	 to	be	employed	 to	make	antibiotic	 research	an	attractive	
prospect,	 alternative	 antimicrobials	 may	 be	 required	 as	 the	 rate	 of	 discovery	 of	
antibiotics	has	dramatically	decreased	since	the	first	discovery	of	penicillin	(O'Neill,	









treat	 MDR	 infections.	 The	 benefit	 of	 using	 phage	 is	 also	 its	 major	 downfall;	
bacteriophage	 are	 highly	 specific	 for	 their	 target	 making	 them	 useful	 tools	 in	


































































































solution	 to	 treating	 AMR	 bacterial	 infections.	 Reptiles	 and	 amphibians	 are	
characteristically	resistant	to	some	infections	therefore	investigating	peptides	with	
antimicrobial	activity	from	these	animals	may	provide	an	effective	solution	to	MDR	
pathogens.	 Studies	 investigating	 animals	 as	 a	 potential	 reservoir	 of	 antimicrobial	
peptides	have	already	successfully	isolated	peptides	from	frogs,	alligators	and	snakes	
(Flamm	et	al.,	2015,	Barksdale	et	al.,	2016,	Blower,	2015).	A	recent	study	was	also	
able	 to	 isolate	 an	 antimicrobial	 peptide	 from	 the	 ant	 Tetramonrium	 bicarinatum	
effective	against	Staphylococcus	and	Enterobacteriaceae	(Tene	et	al.,	2016).	These	
peptides	have	the	ability	to	heal	infections	in	mice	and	some	are	in	clinical	trials.	They	




potentially	 be	 important	 in	 treating	 diabetic	 foot	 ulcers	 (Flamm	 et	 al.,	 2015).	
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Antimicrobial	peptides,	like	antibiotics,	have	the	capacity	to	be	broad	spectrum	and	
work	 by	 damaging	 the	 bacterial	 membrane	making	 resistance	 difficult	 (Hancock,	
1997).	Using	antimicrobial	peptides	therefore	is	a	promising	method	of	combating	





Gene-editing	 using	 clustered	 regularly	 interspaced	 short	 palindromic	 repeats	
(CRISPR)	poses	a	promising	strategy	that	may	help	to	destroy	MDR	bacteria.	CRISPR	
is	 used	 as	 a	 protective	 system	 in	 bacteria	 against	 phage,	 however	 studies	





using	 CRISPR	 presents	 a	 promising	 approach	 to	 overcome	 AMR	 with	 the	 Cas9,	














of	 ARG	 (Figure	 1.2).	 The	 primary	 factor	 accelerating	 ARG	 in	 the	 clinic	 and	
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environment	is	currently	unknown,	but	the	cumulative	effects	of	poor	prescription	
practice,	 self-prescription,	 misuse	 of	 antibiotics,	 veterinary	 use,	 agricultural	 use	


























effective	 sewage	disposal	 and	 safe	drinking	water	 (Hawkey,	 2015).	 Consequently,	
overcrowding	 has	 resulted	 in	 heavy	 antimicrobial	 usage	 leading	 to	 large	 levels	 of	
AMR	 within	 these	 communities.	 Combined,	 global	 travel	 has	 become	 more	
accessible	 and	 has	 dramatically	 increased	 in	 the	 past	 fifteen	 years	meaning	 that	
population	mixing	is	happening	more	frequently	and	at	a	higher	level	compared	to	
twenty	years	ago.	The	commensal	carriage	of	resistant	bacteria	in	the	intestinal	tract	







these	 genes	 on	 to	 plasmids	 allowing	 their	 rapid	 dissemination,	 particularly	 in	 the	
Enterobacteriaceae	 (Humeniuk	 et	 al.,	 2002,	 Hawkey,	 2015).	 	 The	 spread	 of	 ESBL	
producing	bacteria	as	a	direct	result	of	travel	has	previously	been	demonstrated	with	
one	study	reporting	travel	outside	of	Europe	resulted	in	a	higher	prevalence	of	ESBL	
producing	 bacteria	 in	 those	 travellers	 compared	 to	 in	 people	 who	 had	 travelled	
within	Europe	 (Tham,	2010).	 India	had	 the	highest	 colonisation	 rate	with	79	%	of	
travellers	 tested	 reported	 to	 carry	 ESBL	 producing	 bacteria.	 Travellers	 who	 had	
visited	India	were	more	likely	to	carry	the	blaCTX-M-15	gene	and	travellers	who	visited	






a	 study	 conducted	 by	Wickramasighe	 et	 al.	 who	 demonstrated	 that	 residents	 in	
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Birmingham,	UK	had	a	higher	 likelihood	of	blaCTX-M	carriage	 if	 they	came	from	the	
Middle	East	or	South	Asia	(based	on	the	assumption	of	names	indicating	origin)	than	
individuals	 who	 had	 names	 of	 European	 origin	 (and	 therefore	 assumed	 to	 be	 of	
European	descent).	Those	individuals	assumed	to	be	of	Middle	East	or	South	Asia	had	
a	23	%	carriage	compared	to	European	carriage	of	8	%	(Wickramasinghe	et	al.,	2012).	
These	 results	were	 similar	 to	 another	 study	 conducted	 in	 France	which	 reported	












A	 recent	 study	 investigated	 the	 microbiomes	 and	 resistomes	 of	 low	 income	
countries.	 There	 are	 currently	 about	 5.8	 billion	 people	 living	 in	 low	 and	 middle	
income	 countries	 and	 863	million	 people	 living	 in	 slums	 	 (Pehrsson	 et	 al.,	 2016).	
Human	 microbiomes	 and	 resistome	 from	 human	 faecal	 samples	 from	 two	 low-
income	communities	were	investigated,	one	being	from	a	rural	village	and	the	other	
a	peri-urban	shanty-town.	Studying	these	low-income	counties	 is	 important	public	
health	 priority	 due	 to	 the	 large	 levels	 of	 antibiotic	 usage	 that	 occurs	 in	 these	
developing	 counties	 (Pehrsson	 et	 al.,	 2016).	 	 Functional	 metagenomics	 studies	
revealed	1100	unique	AMR	genes	displaying	resistance	to	all	antibiotics	tested	except	







There	 have	 been	many	 studies	 investigating	 the	 global	 importance	 of	 the	 use	 of	
antibiotics	in	agriculture,	both	in	prophylactic	use	and	in	the	treatment	of	infection.	







and	 metals	 correlated	 with	 an	 increased	 ARG	 level	 in	 manure	 (Zhu,	 2013).	 The	
majority	of	veterinary	antibiotics	are	excreted	explaining	the	high	levels	in	manure	










Other	 studies	 investigating	 agricultural	 impacts	 of	 antibiotics	 have	 shown	
enrichment	of	ARG	in	faeces	(Chapman	et	al.,	2006,	Skurnik	et	al.,	2006,	Kanwar	et	
al.,	 2014).	 One	 metagenomic	 study	 investigated	 10	 different	 environments	
investigating	 the	 plasmid	 metagenome.	 They	 reported	 large	 differences	 in	 ARG	








The	 importance	 of	 wildlife	 in	 the	 dissemination	 of	 ARG	 has	 been	 largely	
underreported	(Huijbers	et	al.,	2015).	The	presence	of	ARG	within	wildlife	has	been	
mainly	attributed	to	the	overuse	of	antibiotics	in	humans	and	in	animals	which	enter	
the	 environment	 through	 inefficient	wastewater	 treatment	 and	 runoff	 from	 land	
(Arnold	et	al.,	2016).	The	environmental	exposure	to	both	antimicrobials,	metals	and	
biocides	can	co-select	 for	MGE	carrying	ARG,	biocide	resistance	genes	 (BRGs)	and	
metal	 resistance	 genes	 (MRG).	 This	 results	 in	 widespread	 dissemination	 of	 ARG	
resulting	in	wildlife	that	has	never	been	exposed	to	humans	carrying	ARB	(Fondi	et	
al.,	2016).	Generally	reports	have	shown	animals	within	close	proximity	to	human	




















spectrum	 antimicrobials	 including	 clavulanate-potentiated	 aminopenicillins,	
cephalosporins	 and	 fluoroquinolones	 (Lloyd,	 2007).	 Cats	 and	 dogs	 represent	 the	
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treatment,	 secondary	 treatment	 and	 tertiary	 treatment	 with	 tertiary	 treatment	





to	 discharges,	 considering	 if	 discharge	 is	 to	 inland,	 estuarine	 or	 coastal	 waters	
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(DEFRA,	2012).	In	developing	countries,	the	wastewater	treatment	process	is	not	as	






It	 is	 only	 considered	 for	 areas	 less	 sensitive	 which	 include	 estuarine	 and	 coastal	
waters	as	the	receiving	water	bodies	and	is	no	longer	used	in	the	UK.	It	involves	the	
settlement	of	suspended	solids	and	is	therefore	a	fairly	inefficient	removal	of	waste.	
Secondary	 treatment	 is	 required	 for	 all	 communities	 of	 15000	 or	more.	 The	 risk	
associated	 with	 major	 untreated	 waste	 arises	 from	 the	 increased	 oxygen	 level	
required	for	efficient	removal	of	waste	(DEFRA,	2012).	Secondary	treatment	involved	
biological	 treatment	 using	 the	 activated	 sludge	 process	 involving	 aeration	 and	
agitated	bacterial	culture	 liquor.	 It	also	uses	 filter	beds	which	use	bacteria-coated	
aggregate	which	wastewater	is	trickled	over.	The	most	efficient	treatment,	tertiary	
treatment	can	involve	various	treatments	to	increase	the	quality	of	effluent	water.	
Methods	 can	 be	 combined	 methods	 or	 individual.	 Potential	 methods	 involved	






There	 has	 been	 a	 lot	 of	 work	 investigating	 the	 importance	 of	 WWTPs	 in	 the	
dissemination	of	ARG	(Li	et	al.,	2015a,	Amos	et	al.,	2014).	The	general	consensus	is	
that	they	promote	HGT	as	a	direct	result	of	increased	selection	pressures	from	the	































































































impacted	 by	 WWTPs	 represent	 one	 of	 the	 most	 extreme	 examples	 of	 human	


















only	 specified	metal	 that	must	 be	 removed	 is	mercury	 (DEFRA,	 2012).	 	 Sublethal	
concentrations	 of	 antibiotics	 have	 been	 shown	 to	 increase	 the	 rate	 at	 which	
mutations	 occur	 with	 significant	 genomic	 and	 phenotypic	 changes	 resulting	 in	
increased	MDR	and	in	some	cases	increased	fitness	(Chow	et	al.,	2015,	Morero	et	al.,	
2011,	Fuzi,	2016,	Marcusson	et	al.,	2009).	Increased	transposon	activity	has	also	been	
observed,	 with	 gene	 rearrangements	 allowing	 more	 efficient	 expression	 of	 the	
required	resistance	genes	by	movement	to	a	position	nearer	the	promoter	resulting	
in	an	 increased	 level	of	resistance	(Barraud	and	Ploy,	2015,	Hocquet	et	al.,	2012).	
Recombination	 has	 also	 been	 shown	 to	 increase	 in	 frequency	 with	 sublethal	
antibiotic	 treatment	 and	 DNA	mobilisation	 has	 been	 reported	 to	 increase	 in	 the	
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and	metals	 resistance	 in	wastewater	at	50-300	 times	 that	of	ARG	 there	 is	a	huge	





et	 al.,	 2013).	 Clearly,	 co-selection	 is	 dependent	 upon	 the	 genetic	 context	 of	 the	
genes,	 therefore	 knowing	 the	 context	 of	 resistance	 genes	 and	 what	 additional	












of	 cultured	 bacteria	 from	 activated	 sludge	 selecting	 for	 ARB	 with	 12	 antibiotics	
(Szczepanowski	et	al.,	2009,	Schluter	et	al.,	2008,	Szczepanowski	et	al.,	2008).	The	
first	 study	 found	 a	 diverse	 range	 of	 plasmids	 in	 these	 viable	 resistant	 bacteria	
including	IncP,	IncN	and	IncT	type	plasmids	with	a	wide	array	of	resistance	genes	to	




related	 functions.	They	concluded	 that	many	of	plasmids	 sequenced	were	mobile	
from	the	 sequencing	 signatures	and	 that	within	plasmids	were	many	 transposons	
encoding	highly	mobilisable	genetic	regions	(Schluter	et	al.,	2008).	The	third	study	





Zhang	 et	 al.	 to	 isolate	 plasmids.	 They	 employed	 the	 transposon	 aided	 capture	
(TRACA)	 system	 to	 isolate	plasmids	 from	activated	 sludge	 from	a	WWTP	 in	China	





et	 al.	 reported	 the	 first	 comprehensive	 analysis	 of	 extrachromosomal	 DNA	 from	
WWTPs.	They	isolated	both	plasmid	and	circular	phage	DNA	from	activated	sludge	




that	 are	 detectable	 in	 full	 metagenomes	 and	 that	 plasmids	 and	 resistance	
determinants	vary	between	treatment	plants,	even	those	with	similar	influents	and	
size	 (Sentchilo	 et	 al.,	 2013).	 The	most	 recent	 study	 of	 the	 plasmid	metagenome	
comprises	the	most	extensive	study.	It	was	carried	out	by	Li	et	al.	and	investigated	
influent,	activated	sludge,	digested	sludge	from	two	WWTPs.	It	identified	323	ARG	
and	 23	 MRG	 with	 a	 higher	 number	 of	 resistance	 genes	 found	 in	 the	 influent	
compared	to	the	other	samples.	Unlike	other	studies,	Li	et	al.	compared	the	plasmid	
metagenome	 to	 corresponding	 metagenomes	 of	 the	 same	 samples	 revealing	 a	









sludge,	 the	 substantial	 amount	 of	 sewage	 that	 is	 applied	 to	 land	 is	 no	 doubt	




In	 times	 of	 heavy	 rainfall	WWTPs	 are	 able	 to	 release	 untreated	wastewater	 and	
sewage	in	to	rivers	via	combined	sewer	overflows	(CSOs)	(Figure	1.4).	The	number	of	
CSO	events	that	take	place	is	often	unmonitored	(Robert	Huxam,	SevernTrent	Water,	






of	 cesspool	 ditches	 (Tibbets,	 2005).	 CSOs	 are	 considered	 major	 sources	 of	
microbiological	 and	 physiochemical	 pollutants	 (Madoux-Humery,	 2015)	 yet	 the	
extent	to	which	CSOs	contribute	to	environmental	pollution	has	been	rarely	studied.	
One	 study	 conducted	 by	 Madoux-Humery	 et	 al.	 attempted	 to	 investigate	 the	































and	 Harnisz	 showed	 that	 ESBL	 producing	 Enterobacteriaceae	were	 present	 in	 air	
samples,	with	higher	numbers	 in	 samples	 taken	at	higher	 temperatures	and	wind	
speeds.	Similar	results	were	also	reported	previously	by	Gotkowska-Płachta	 	et	al.	












Figure	 1.4	 CSO	 release	 events	 (a)	 Release	 of	 untreated	 water	 from	 outlet	 pipe	
resulting	from	high	level	of	wastewater.	Dam	regulates	the	flow	of	water	from	CSO,	
in	times	of	heavy	rainfall,	the	wastewater	level	increases	above	the	threshold	for	the	











Although	 most	 evidence	 supports	 the	 opinion	 that	 WWTPs	 contribute	 to	 the	
surrounding	 environment,	 there	 are	 a	 few	 reports	 that	 suggest	 evidence	 to	 the	
contrary.	The	recent	study	by	Munck	et	al.	investigated	the	dissemination	of	WWTP	
core	 resistome	 in	 the	 surrounding	 environment.	 	 Seven	 metagenomes	 were	











WWTP.	 It	 also	 highlighted	 that	 only	 a	 small	 fraction	 of	 the	 community	 exchange	
genes,	however	this	subpopulation	of	bacteria	that	undergo	HGT	are	likely	the	most	
important	fraction	and	often,	the	infectious	dose	of	such	microorganisms	is	low	so	





concerning	pathogens	with	 respect	 to	 resistance	 (WHO,	2014).	 Specific	 resistance	
included	3GC	and	fluoroquinolone	resistance	in	E.	col,i	K.	pneumoniae	and	MRSA.		
	
MRSA	 in	 Europe	 and	 the	 United	 states	 decreased	 between	 2007-2015	 with	
reductions	of	22	to	18	%	and	53	to	44	%	respectively	of	methicillin	S.	aureus	isolates.	
MRSA	was	 first	 identified	 in	 the	UK	 in	 the	1960s	and	was	generally	 regarded	as	a	






































One	 proposed	mechanism	 of	 survival	 is	 that	 it	 is	 able	 to	 exploit	 gluconate	more	
efficiently	than	other	species	(Sweeny,	1996).	Although	E.	coli	is	generally	considered	
to	be	a	commensal	bacterial	species,	there	are	some	pathotypes	that	have	acquired	











(UPEC)	 which	 causes	 UTIs	 but	 increasingly	 common	 are	 extraintestinal	 infections	
resulting	from	meningitis-associated	E.	coli	(MNEC).	Pathogenesis	of	E.	coli	is	a	multi-
step	 process	 involving	 the	 colonisation	 of	 a	 mucosal	 site,	 evasion	 of	 defence,	









diarrhoeal	 disease	 in	 the	 developing	 world	 (Nataro,	 1998).	 ETEC	 strains	 are	 also	
responsible	 for	 causing	 animal	 disease.	 These	 strains	 express	 fimbrial	 intestinal	
colonisation	factors	(K88	and	K99)	which	are	not	present	in	human	infecting	strains	
(Kaper	 et	 al.,	 2004).	 EHEC	 strains	 were	 first	 identified	 in	 1982	 and	 cause	 bloody	
diarrhoea,	non-bloody	diarrhoea	and	haemolytic	uremic	 syndrome.	 Infections	 are	
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associated	with	the	bovine	intestinal	tract	and	often	outbreaks	are	associated	with	





are	 currently	 characterised	 by	 adhering	 to	 HEp-2	 cells	 and	 the	 fact	 they	 do	 not	
secrete	 heat-labile	 or	 heat-stable	 enterotoxins	 (Nataro,	 1998)	 but	 the	
characterisation	of	 	 all	 EAEC	 as	 human	pathogens	 is	 debated	 and	 it	 is	 likely	 non-
pathogenic	clones	are	in	this	group	of	E.coli.	EIEC	are	very	closely	related	to	Shigella	
species.	They	are	responsible	for	causing	watery	diarrhoea	and	may	play	a	role	 in	







by	 the	 production	 of	 F1845	 fimbrial	 adhesion.	 UPEC	 strains	 cause	 urinary	 tract	
infections	and	are	the	most	common	bacterial	infections	which	is	primarily	caused	
by	E.	coli.	There	are	six	O	groups	associated	with	the	majority	of	UTI	infections	(Kaper	
et	 al.,	 2004).	 These	UPEC	 strains	 have	 no	 distinct	 phenotypic	 profile	 but	 the	 Pap	
adhesion	 and	 FIC	 fimbriae	 are	 often	 associated	 and	 are	 important	 factors	 in	 the	
colonising	of	the	urinary	tract	(Johnson,	1991,	Nowicki,	1989).	UPEC	strains	typically	
possess	toxin	encoding	genes	including	haemolysin,	cytotoxic	necrotizing	factor	and	
autotransporter	 protease	 (Sat)	 and	 also	 carry	 pathogenicity	 islands	 (Kaper	 et	 al.,	
2004).	 MNEC	 are	 responsible	 for	 causing	 neonatal	 meningitis	 and	 are	 the	 most	








obvious	 advantage	 with	 respect	 to	 selection	 and	 transmission	 as	 like	 the	 other	
pathotypes	they	are	readily	transmitted	in	urine	and	faeces	(Kaper	et	al.,	2004).	The	








Hertz	 et	 al.,	 2016,	 Ewers	 et	 al.,	 2010).	 Fluoroquinolones	 are	 often	 the	 first	 line	
response	to	the	treatment	of	this	strain	of	E.	coli,	however	there	are	several	reports	

















































stx	 Shiga	 toxin,	 acts	 through	 cleavage	 of	 ribosomal	 RNA	disrupting	 protein	
synthesis	
EHEC	(STEC)	
cif	 C cle	 inhibiting	factor,	blocks	cell	division	possibly	by	 inhibition	of	Cdk1	
kinase		
ExPEC	
map		 Two	activities:	 stimulates	Cdc42-dependant	 filopodia	 formation,	 targets	
mitochondria	to	disrupt	membrane	potential	of	these	organelles		
EPEC,	EHE	
cdt	 Cyt lethal	disten ing	toxin,	DN seI	activity	blocking	cell	divison	in	G2/M	
phage	of	cell	cycle	
ExPEC	



































transmission	 of	 ARG	 and	 are	 consequently	 the	 most	 studied	 method	 of	 ARG	
dissemination	(Norman	et	al.,	2009).	They	have	evolved	mechanisms	that	allow	the	
efficient	 capture,	 expression	 and	 transfer	 of	 genes	within	 and	 between	 bacterial	
species	allowing	the	fast	proliferation	of	ARG	within	the	environment	and	clinic.	
	
The	 term	plasmid	was	 first	 coined	 in	 1952	by	 Joshua	 Leaderberg	 to	 describe	 any	







chromosomal	 DNA	 and	 the	 ability	 to	 self-transfer	 through	 the	 active	 process	 of	
conjugation	 (Carattoli,	 2013).	 Ultimately	 plasmids	 act	 to	 accumulate	 and	 transfer	






of	 transfer	 (oriT),	 relaxase,	 type	 IV	 coupling	 protein	 (T4CP)	 and	 type	 IV	 secretion	
system	(T4SS),	which	allow	double	stranded	plasmid	DNA	to	undergo	cleavage	at	the	
orit	 site	 by	 the	 relaxase	 protein	 which	 then	 covalently	 binds	 oriT	 DNA	 which	 is	
transported	to	the	recipient	cell	via	the	T4SS	and	single-stranded	DNA	is	transferred	
by	the	T4CP	(Shintani	et	al.,	2015).	In	Gram-positive	bacteria	plasmid	transfer	is	less	

















(Inc)	 types	were	 detected	 in	 both	 collections	 suggesting	 ARG	mobilise	 to	 already	
favourable	 plasmids	 (rather	 than	 selection	 of	 rare	 plasmids)	 (Datta	 and	 Hughes,	
1983,	Hughes	and	Datta,	1983).	This	is	evident	when	examining	the	dissemination	of	
the	 IncF	 plasmids	 within	 Enterobacteriaceae.	 The	 IncF-type	 plasmids	 have	 been	












(Cullum	 et	 al.,	 1978).	 Since	 then	 plasmids	 have	 been	 detected	 frequently	 in	 the	
environment	 through	 exogenous	 capture,	 highlighting	 the	 importance	 of	 IncP	
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plasmids,	 carriage	 of	 plasmids	 in	 environmental	 isolates	 and	 more	 recently	






investigated	 plasmid	 possession	 and	 transfer	 of	 ARG	 from	 hospital	 and	 domestic	
waste	 isolates	 (Fontaine	 and	 Hoadley,	 1976).	 Later,	 experiments	 pinpointing	
wastewater	treatment	plants	as	a	potential	source	of	ARG	and	multidrug-resistance	
gene-containing	 plasmids	 began	 in	 the	 early	 1980’s.	 Two	 separate	 studies,	 both	
conducted	 in	 1982	 were	 perhaps	 the	 first	 studies	 to	 link	 plasmid-mediated	 ARG	
transmission	to	WWTP	in	what	 is	now	considered	a	known	“hotspot”.	Altherr	and	
Kasweck	 investigated	the	effects	of	WWTPs	on	the	effects	of	conjugation	of	a	60-
megadalton	 plasmid	 possessing	 antibiotic	 resistance	 genes	 (Altherr	 and	 Kasweck,	
1982).	 They	 showed	 that	 transfer	 occurred	 only	 in	 raw	 sewage	 and	 not	 in	 the	
effluent-receiving	waters.	This	was	one	of	the	first	studies	demonstrating	that	ARG	
could	 transfer	 in	 situ.	 At	 the	 same	 time	 Mach	 and	 Grimes	 at	 the	 University	 of	
Wisconsin-La	Crosse	were	also	working	on	plasmid	transfer	in	wastewater	treatment	
plants	 (Mach	 and	 Grimes,	 1982).	 They	 transferred	 multidrug	 resistance-gene	
containing	 plasmids	 from	 Salmonella	 enteritidis,	 Proteus	 mirabilis	 and	 E.	 coli	
possessing	resistance	to	ampicillin,	chloramphenicol,	streptomycin,	sulfadiazine	and	
tetracycline	 to	 susceptible	 E.	 coli	 and	 Shigella	 sonnei.	 They	 demonstrated	 the	
















a	 plasmid	 will	 have	 toxin	 in	 their	 cytoplasm	 but	 no	 mechanism	 to	 produce	 the	
antitoxin	 resulting	 in	 cell	 death	 (Goeders	 and	 Van	 Melderen,	 2014).	 Therefore,	
plasmid	 carriage	 is	 advantageous	 to	 daughter	 cells	 and	 will	 disseminate	 in	 the	
bacterial	population	(Goeders	and	Van	Melderen,	2014).		
	
The	 mechanisms	 underlying	 plasmid	 possession	 in	 non-selective	 conditions	 is	 of	
particular	 interest	with	 respect	 to	plasmid	persistence	within	 the	environment.	 In	
laboratory	conditions	 it	 is	generally	observed	that	plasmids	from	the	environment	










future	 prevention	 of	 environmental	 spread	 of	 ARG.	 Understanding	 the	 rate	 of	
transfer	 may	 provide	 better	 models	 for	 transmission	 rate.	 The	 majority	 of	
experiments	aiming	to	determine	the	rate	of	transfer	rely	on	estimating	the	rate	of	
transfer	 in	 model	 organisms	 with	 well-known	 genetics	 in	 highly	 controlled	
environments	(Aminov,	2011).	They	rely	upon	simple	cultivation	needs,	tolerance	to	




these	 microorganisms	 can	 only	 partly	 predict	 the	 level	 of	 transfer	 in	 the	
environment.	All	these	experiments	rely	on	the	culturable	fraction,	which	is	known	
to	 be	 less	 than	 1%	 of	 all	 bacteria	 (Amann	 et	 al.,	 1995,	 Torsvik	 et	 al.,	 1990).	
Investigations	 using	 “wild”	 environmental	 strains	 are	 more	 likely	 to	 give	 more	
realistic	 transfer	rates	occurring	 in	the	environment.	 	However,	replicating	mating	
conditions	 in	 the	 laboratory	 is	 difficult	 due	 to	 several	 factors	 which	 all	 vary	 the	
transfer	rate,	for	example,	whether	mating	is	liquid	or	surface	based,	the	incubation	
period	and	temperature,	oxygen	availability,	chemotaxis	and	pH	(Smalla	et	al.,	2015).	
Any	 factor	 affecting	 the	 metabolic	 activity	 of	 the	 plasmid	 donor	 will	 affect	 the	
transfer	rate.	The	incompatibility	group	will	also	affect	the	transfer	rate	in	broth	and	
surface	 matings.	 This	 was	 demonstrated	 by	 Bradley	 et	 al.	 who	 investigated	 the	
transfer	frequencies	of	different	incompatibility	groups	in	E.	coli	K-12	on	surface	and	
broth	 showing	 that	 some	 plasmids	 are	 more	 likely	 to	 transfer	 on	 solid	 or	 liquid	
surfaces	(Bradley	et	al.,	1980).	The	rate	of	transfer	also	depends	on	the	environment,	
and	thus	microcosm	experiments	can	only	accurately	estimate	the	rate	of	transfer	in	










Incompatibility	 (Inc)	 has	 defined	 plasmid	 groups	 since	 the	 1970’s	 (Shintani	 et	 al.,	
2015).	 It	 is	 based	on	 the	observation	 that	plasmids	of	 the	 same	ancestry	 are	not	
compatible	 due	 to	 the	 same	 requirements	 for	 replication	 and	 partition	 (Novick,	
1987).	There	are	3	groups	of	Inc	types	at	present,	27	within	Enterobacteriaceae,	14	








especially	 in	 Enterobacteriaceae,	 (Carattoli	 et	 al.,	 2005,	 Shintani	 et	 al.,	 2015).	 To	
overcome	the	problems	of	typing	according	to	replicon	type,	grouping	according	to	
mobilisation	 has	 been	 suggested	 with	 6	 groups	 currently	 defined	 according	 	 to	
mobility	 (MOB)	 type	 (MOBC,	MOBF,	MOBH,	MOBP,	MOBQ	and	MOBV)	 (Smillie	et	al.,	
2010).	Grouping	based	on	MOB	type	may	improve	typing	because	it	can	define	whole	
microbial	 plasmids	 and	 is	 based	 on	 the	 relaxase	 gene	 which	 is	 rarely	 carried	 in	
multiple	copies	on	plasmids,	however,	as	the	name	would	suggest,	it	is	only	able	to	









discovered	 plasmids	 could	 transfer	 to	 11	 different	 bacterial	 phyla,	 both	 Gram-
negative	 and	 Gram-positive.	 Prior	 to	 this	 experiment,	 most	 investigations	 in	 to	
plasmid	 host	 range	were	 conducted	with	 pure	 strains,	 which	 cannot	 exist	 in	 the	
environment,	 meaning	 that	 the	 question	 of	 if	 plasmids	 can	 transfer	 to	 another	
























radiation,	 partly	 explaining	 why	 aquatic	 environments	 are	 hotspots	 for	 genetic	
exchange,	 and	 particularly	 near	 to	wastewater	 treatment	 plants	which	may	 have	
selective	agents	entering	the	water	systems	including	chlorinated	compounds	which	








a	 statistically	 significant	 selective	 fitness	 advantage	 over	 strains	 with	 fewer	
resistance	 gene	 mutations.	 Some	 combinations	 of	 mutations	 conferring	





always	 incur	 a	 fitness	 cost	 but	 instead	 the	 opposite	 and	 may	 provide	 fitness	
advantages	under	non-selective	conditions	(Marcusson	et	al.,	2009).	Hence	plasmids	





to	new	strains	of	E.	 coli	 (Cottell	et	al.,	2012).	The	main	associated	plasmid	of	 the	





diverged	 from	 their	 most	 recent	 common	 ancestor	 (Barlow	 et	 al.,	 2008).	 The	
widespread	dissemination	of	blaCTX-M	genes	can	be	attributed	in	part	to	the	common	




IncN,	 IncI	 and	 IncL/M	which	often	 carry	other	 resistance	 genes	 including	qnr	and	








to	 insert	 in	to	plasmids	and	chromosomal	DNA	(Depardieu	et	al.,	2007).	 	They	are	
usually	bounded	by	inverted	repeat	regions	of	~40	bp	which	are	specific	for	each	IS.	
They	may	in	addition	carry	partial	or	complete	promoters	which	are	normally	in	an	
outward	 orientation	 and	 therefore	 capable	 of	 activating	 the	 expression	 of	
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neighbouring	genes	(Mahillon,	1998).	It	has	been	suggested	that	they	play	a	role	in	
the	 expression	 of	 genes	 conferring	 resistance	 to	 b-lactams,	 aminoglycosides,	
quinolones,	 glycopeptide,	 imidazoles	 and	 tetracyclines	 and	 as	 a	 result	 have	 been	
observed	 to	 increase	 resistance	 levels	 (Depardieu	 et	 al.,	 2007).	 This	 IS	 mediated	
expression	 of	 ARG	 may	 result	 from	 the	 insertion	 in	 to	 regions	 carrying	
weak/incomplete/no	promoter	 resulting	 in	 the	generation	of	a	complete	 IS-borne	





Plasmids	 are	 able	 to	 transfer	 multiple	 resistance	 gene	 cassettes	 due	 to	 efficient	
capture	by	integrons.	Integrons	have	evolved	to	capture	and	express	gene	cassettes.	
They	were	first	discovered	in	clinical	isolates	but	have	since	been	found	in	a	variety	

















are	 able	 to	 capture	 genes	 from	 diverse	 backgrounds	 and	 hence	 act	 as	 genomic	
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diversity	“hotspots”	(Boucher	et	al.,	2007,	Hall	and	Collis,	1995).	Over	130	different	
antibiotic	 resistance	 gene	 cassettes	 have	 been	 found	 on	 integrons	 providing	
resistance	 to	 most	 antibiotics	 used	 in	 the	 treatment	 of	 Gram-negative	 bacteria	
(Partridge	et	al.,	2009,	Centron	and	Roy,	2002,	Falbo	et	al.,	1999,	Koeleman	et	al.,	
2001,	 L'Abee-Lund	and	 Sorum,	2001,	Maguire	 et	 al.,	 2001,	Nordmann	and	Poirel,	











1	 integron	 (Deng	et	al.,	2015).	The	suggestion	 that	class	1	 integrons	may	act	as	a	
marker	for	antibiotic	resistance	has	been	considered	for	over	a	decade,	with	the	first	
suggestions	 that	 antibiotic	 resistance	 in	 Enterobacteriaceae	 is	 strongly	 related	 to	
integrons	 in	 2003	 (Leverstein-van	 Hall	 et	 al.,	 2003).	 The	 study	 conducted	 by	
Leverstein-van	Hall	et	al.	found	the	multidrug-resistance	phenotype	was	attributed	
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to	 the	 presence	 of	 integrons	within	 strains	 and	 that	 100	%	 of	 strains	 possessing	
integrons	expressed	resistance	to	at	least	1	antibiotic	tested.		
	
Recent	 work	 into	 class	 1	 integrons	 as	 a	 proxy	 for	 ARG	 has	 been	 carried	 out	 to	
investigate	how	efficient	a	marker	it	is.	Amos	et	al.	proposed	a	model	to	predict	3GC	
























Class	 1	 integrons	 have	 been	 associated	 with	 many	 bacterial	 families	 in	 both	
commensal	 and	 pathogenic	 bacteria	 and	 have	 been	 found	 in	 a	 variety	 of	
environments	 possibly	 as	 a	 result	 of	 location	 on	 Betaproteobacteria,	 which	 has	
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components	 are	 believed	 to	 have	 arisen	 through	 capture	 of	 an	 environmental	


































winter	months	would	carry	a	greater	 level	of	ARB	compared	to	 the	drier	 summer	
months.		
Combined,	it	was	hypothesized	that	the	sediment	provides	an	unknown	reservoir	of	




























For	 results	 chapters	 5	 and	 6	 sampling	 was	 carried	 out	 at	 the	 River	 Sowe.	 River	






Figure	 2.1	 Sampling	 sites	 near	 the	 Finham	 WWTP	 and	 key	 components	 of	 the	
treatment	 plant.	 CSO	 impacted	 site	 (red	 point)	 and	 combined	 CSO	 and	 WWTP	
impacted	site	(purple	point)	from	the	Finham	WWTP	on	the	River	Sowe.	Numbers	in	
blue	squares	represent	the	components	involved	WWTP	process:		(1)	Digesters,	(2)	
centrifuge,	 (3)	 Primary	 settlement	 tanks,	 (4)	 Activated	 sludge	 plants,	 	 (5)	 Final	
settlement	tanks,	(6)	Combined	heat	and	power	plant.	Grey	squares	represent	inlets	
and	 outlets	 from	 the	 treatment	 plant:	 (a)	 Sherbourne	 inlet	 sample	 point,	 (b)	
Sherbourne	 settled	 storm	 sewage	 sample	 point	 (to	 Fihnam	 Brook)/	 Sherbourne	























Approximately	20	g	of	 river	 sediment	was	 collected	 in	50	ml	 falcon	 tubes	at	 four	



















Winter	2015	 6.5	 72.9	 77.5	
Spring	2015	 7.9	 46.3	 212	
Summer	2015	 18.5	 109.5	 164.8	
Autumn	2015	 7.9	 230	 29.8	
Winter	2016	 7	 114.2	 85.3	
	
2.3	Site	selection	for	Thames	sampling		




with	 a	 greater	 number	 of	 farms	 and	 communities	 respectively	 in	 each	 River	
catchment.	The	sites	can	be	found	in	Figure	2.2.	
	
All	 sites	 were	 downstream	 of	 at	 least	 one	 WWTP,	 however	 sites	 were	 labelled	
upstream	 and	 downstream	based	 on	 nearest	WWTP	 location.	 Small	WWTP	were	
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considered	as	plants	serving	a	population	less	than	10000	and	any	plant	serving	over	
10000	was	 considered	 large.	WWTP	 impact	was	determined	based	on	 size	of	 the	

























































HiCromeTM	 coliform	 agar	 (HiCA)	 plates	were	made	 as	 specified	 by	manufacturers	
protocol	with	 the	 exception	 of	 CTAB	 containing	 plates	which	was	 added	 prior	 to	
autoclaving	 Antibiotic	 containing	 plates	 were	made	 by	 autoclaving	 HiCA	 prior	 to	
addition	of	 antibiotic.	 Plates	without	 any	 antibiotic	 or	 biocide	were	 also	made.	A	
summary	of	the	antibiotics	used	and	concentrations	are	listed	in	Table	2.3.		
	
































collection).	 Plating	 was	 done	 in	 technical	 duplicate	 for	 each	 biological	 replicate.	
















One	 colony	 was	 taken	 from	 each	 plate	 dilution	 and	 replicate	 where	 possible.	
Purification	involved	re-streaking	isolates	on	to	respective	antibiotic	containing	HiCA	
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DNA	 extraction	 was	 carried	 out	 using	 the	 FastDNA™	 spin	 kit	 for	 soil	 following	
manufacturers	protocol.	For	sediment	samples	0.5	g	of	sediment	(wet	weight)	was	
used,	for	cultured	DNA	extractions	(from	both	water	and	sediment	samples,	where	






























































































































































al.,	 2015).	 For	 16S	 results	 were	multiplied	 by	 7	 and	 divided	 by	 2.5	 (the	 average	
number	of	16S	copies).	
	


















analysis	 was	 used	 to	 determine	 whether	 populations	 were	 independent.	
Correlograms	were	generated	using	the	R	library	corrgram	(Wright,	2015)	to	present	
correlations	 between	 ARG	 and	 explanatory	 variables.	 Heatmaps	 were	 generated	












Data	was	separated	out	 in	 to	different	antibiotic	 treatments	 to	compare	different	
treatments	with	qPCR	ARG	targets.	Non-parametric	tests	were	conducted	for	each	
























Analysis	 of	 16S	 sequencing	 included	 demuliplexing	 of	 samples	 through	 merging	
paired	samples	and	quality	filtering.	Quality	filtering	parameters	were	set	to	truncate	

















constructed	with	weighted	 and	 unweighted	 UniFrac	 distance	matrices	 (Lozupone	
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Miseq	 which	 was	 performed	 by	 Dr	 Michael	 Liu.	 Briefly	 DNA	 was	 suspended	 in	
nuclease	 free	 water.	 DNA	 was	 then	 fragmented	 to	 produce	 5’	 and	 3’	 recessed,	
overhang	 and	 blunt	 ends	 and	 tagmented	 using	 the	 Illumina	 Nextera	 kit	 which	
combines	 fragmenting	 DNA	 with	 tagmentation	 of	 adaptors	 in	 one	 step:	 8	 µl	




The	 library	was	enriched	 through	PCR	amplification	using	20	µl	 of	 the	 tagmented	
library,	22µl	KAPA	PCR	master	mix,	1µl	index	1	(i7)	primers,	1	µl	index	2	(i5)	primers	











each	 the	 sample	and	PhiX	 control.	MiSeq	 reagent	 kit	 2	 x	150	bp	v2	was	used	 for	
sequencing	of	E.	coli	isolates	to	generate	250	nucleotides	long	paired	end	reads	with	
approximate	total	output	of	4.5	Gb.	With	E.	coli	sized	genomes,	the	average	coverage	
























which	 is	 based	 on	 phylogenetically	 correlating	 based	 on	 37	 “elite”	 marker	 gene	
families	that	have	largely	congruent	phylogenetic	histories.	These	genes	represent	
~1%	of	an	average	bacterial	genome.	Phylosift	results	were	to	generate	phylogenetic	











































































































The	move	 contigs	 function	 in	MAUVE	 (Darling	 et	 al.,	 2011)	 	 was	 used	 for	 whole	
genome	 alignment	 to	 reference	 genomes	 (Table	 2.7).	 It	 identifies	 conserved	
segments	 which	 appear	 free	 from	 genome	 rearrangements.	 These	 regions	 are	
referred	 to	 as	 Locally	 Collinear	 Blocks	 (LCBs),	 the	 fewer	 the	 LCBs,	 the	 better	 the	








sequence	 time	 using	 the	 arranged	 contig	 FASTS	 files	 generated	 using	 the	 move	
contigs	 function.	 PubMLST	 	 (http://pubmlst.org/)	 was	 used	 to	 identify	 sequence	
types	of	Escherichia	isolates	using	the	Achtman	E.	coli	MLST	scheme	(Achtman	et	al.,	










whether	 strains	 possessed	 toxin-antitoxin	 systems	 to	 help	 elucidate	 whether	



















large	 agricultural	 regions.	 It	 comprises	 approximately	 66500	miles	 of	 sewer,	 350	
WWTPs	 (including	 the	 UKs	 largest	 plant	 at	 Beckon,	 East	 London)	 and	 treats	 4.2	
billions	 of	 sewage	 every	 day	 (ThamesWater,	 2001-2011,	 Baggs,	 2015).	 In	 London	
alone	39	million	cubic	square	meters	of	raw	sewage	is	released	in	the	Thames	river	
from	 CSOs	 each	 year	 with	 release	 events	 occurring	 more	 than	 once	 a	 week	
(ThamesWater,	 2015b).	 This	 has	 prompted	 improvements	 across	 the	 Thames	
catchment.	The	Thames	tideway	tunnel	 is	the	most	 important	change	to	be	made	
and	will	be	the	largest	wastewater	project	in	the	UK	since	Sir	Joseph	Bazalgette	built	
London’s	 combined	 sewage	 and	 drainage	 system	 in	 the	 1850s	 (Baggs,	 2015).	
Extensive	work	will	improve	waste	release	from	CSOs	through	a	new	25	km	tunnel	to	
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store	 and	 take	 sewage	 for	 treatment	 to	 be	 completed	 by	 2023	
(BazalgetteTunnelLimited,	2016).	 In	2014	a	£675	million	project	was	completed	 in	
London	to	improve	treatment	plants	and	£20	million	is	to	be	invested	in	the	next	few	




















the	 dissemination	 of	 ARB	 (O'Neill,	 2016).	 Future	 predictions	 regarding	 global	
warming,	land-use	and	population	expansion	are	resulting	in	increased	pressures	on	
river	 systems	 to	 prevent	 the	 spread	 of	 water-borne	 disease	 (Whitehead,	 2016,	
Alcamo	et	al.,	2007).	The	growth,	survival	and	transport	of	enteric	bacteria	has	been	
predicted	 to	 increase	 therefore,	 it	 is	 important	 now	 to	 understand	 the	 factors	
involved	 in	maintaining	 the	 resistant	bacterial	 community	within	both	 river	water	




This	 study	 investigated	 areas	 with	 known	 WWTP	 impact.	 River	 pollution	 from	








2014,	 Tang	 et	 al.,	 2016).	 Knowledge	 about	WWTP	 impact	 must	 be	 expanded	 to	
involve	 other	 environmental	 variables	 which	 may	 contribute	 to	 environmental	





In	 this	 study	 the	 aim	 was	 to	 investigate	 the	 importance	 of	 WWTPs	 in	 the	
dissemination	of	ARB	between	two	river	systems	to	take	in	to	account	the	size	of	the	
treatment	 plant	 and	 any	 potential	 agricultural	 impacts	 in	 the	 surrounding	 area.	
Previous	studies	investigating	bacterial	community	composition	at	sites	impacted	by	








whether	 population	 changes	 were	 related	 to	 site,	WWTP	 impact	 and/or	 farming	
impact.	Both	river	sediment	and	water	samples	were	collected	to	resolve	whether	
bacterial	communities	were	similar	in	different	sample	types	and	if	water/sediment	
communities	 are	 impacted	 by	 environmental	 factors.	 The	 culturable	 fraction	 of	
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sediment	 and	 water	 samples	 was	 also	 collected	 and	 subject	 to	 16S	 amplicon	
sequencing	to	determine	how	environmental	factors	affect	ARB	and	whether	factors	
affecting	the	total	fraction	correlate	with	changes	in	the	culturable	fraction.	The	aim	
of	 the	 study	was	 to	 understand	 the	 key	 factors	 involved	 in	 determining	 the	 ARB	
population	and	 if	 they	also	determined	the	total	community	structure.	Two	rivers	
were	chosen	for	this	study	from	the	Thames	catchment;	the	River	Kennet	and	the	




a	 larger	 urban	 influence	 with	 elevated	 phosphate	 levels	 in	 some	 regions	 due	 to	
WWTP	 impact	 (Ascott,	2016).	Comparisons	between	 the	Thame	and	Kennet	were	























an	 intensively	 sampled	 area	 representing	 a	 whole	 catchment.	 The	 nature	 of	 the	
cultured	 population	 on	 selective	 plates	 was	 investigated	 to	 consider	 the	 AMR	
Enterobacteriaceae	and	to	investigate	the	impact	of	antibiotics	on	the	population	to	



































and	 water	 samples	 from	 the	 Thames	 catchment	 was	 collected.	 DNA	 from	 total	
sediment,	total	water,	cultured	fraction	from	sediment	and	cultured	fraction	from	
water	were	run.	Cultured	fractions	were	obtained	as	specified	in	Section	2.4.	Each	
sample	 was	 run	 in	 biological	 triplicate:	 In	 total	 there	 were	 48	 DNA	 from	 total	
extractions	and	288	DNA	samples	from	cultured	fraction	of	samples	making	up	the	
resistant	 quotient	 of	 river	 sediment	 bacterial	 communities	 with	 respect	 to	
cefotaxime,	 ciprofloxacin,	 erythromycin,	 tetracycline	 and	 CTAB.	 Analyses	 were	









Figure	 3.1	Number	 of	 sequences	 and	 observed	 species	 per	 sample	 for	 total	 DNA	
extractions.	
	
One	 sample	 had	 only	 19	 sequences	 and	 was	 excluded	 from	 further	 analysis.	 22	
samples	had	fewer	sequences	than	the	median.	The	second	lowest	count	was	2092	
and	 was	 chosen	 as	 the	 level	 for	 rarefaction.	 Simpsons	 inverse	 measure	 ranged	





Simpsons	 inverse	measure	 ranged	 from	 17.19	 -	 500.66	 in	 non-rarefied	 sediment	
communities	and	5.83	–	395.08	in	water	communities	and	22.76	to	440.64	in	rarefied	














Chloroflexi	 accounted	 for	 6.53	%	 in	 sediment	 and	1.36	%	 in	water	 showing	 some	
variation.	Abundance	of	Pseudomonales	accounted	for	only	0.4	%	in	sediment	and	






varied	 between	 water	 and	 sediment	 samples.	 There	 were	 65	 OTUs	 that	 had	
significantly	different	abundances	between	water	and	sediment,	the	most	significant	
being	 members	 of	 the	 Betaproteobacteria	 and	 Gammaproteobacteria.	 Chao1	









determine	 if	 samples	 of	 the	 same	 origin	 cluster	 together	 when	 weighted	 and	
unweighted.	Weighted	samples	explain	a	greater	proportion	with	greater	separation	
suggesting	 difference	 in	 taxa	 abundance	 is	more	 important	 than	 changes	 in	 taxa	







































































































The	 predominant	 phyla	 in	 all	 sites	 were	 Proteobacteria	 (accounting	 for	 48.03	 %,	
54.66	 %,	 62.32	 %	 and	 64.97	 %	 for	 cow,	 fish,	 pig	 and	 sheep	 impacted	 sites	
respectively),	Cyanobacteria	(accounting	for	9.2	%,	4.3	%,	7.68	%	and	3.44	%	for	cow,	
fish,	pig	and	sheep	 impacted	sites	 respectively)	and	Bacteroidetes	 (accounting	 for	












































































































did	occur	 for	 both	weighted	 and	unweighted	 samples	with	 significant	 differences	
between	presence/absence	of	 taxa	 (ANOSIM	R	=	0.221,	p	=	0.004)	 in	unweighted	
communities	 and	weighted	 communities	 (R	 =	 0.1430	 p	 =	 0.025).	 The	 R	 value	 for	
weighted	communities	is	smaller	than	for	unweighted	suggesting	presence/absence	
of	taxa	is	more	important	in	clustering	of	samples	according	to	farming	impact	than	
abundance,	however	 there	was	not	a	 large	amount	of	 separation	 suggesting	 that	










The	 predominant	 phyla	 when	 samples	 were	 split	 by	 WWTP	 were	 the	 same	 as	
specified	for	samples	according	by	farming	impact.	There	was	little	variation	between	
samples	 grouped	 by	 WWTP	 with	 similar	 bars	 presented	 for	 most	 phyla.	 Species	
diversity	 did	 not	 change	 with	 respect	 to	 WWTP	 impact	 with	 diversity	 measure	



































































































































3.3.2.1	 Alpha	 diversity	 of	 sediment	 and	 water	 DNA	 samples	 split	 according	 to	
WWTP	impact,	farming	and	site	






































impact	 and	 30.57	 –	 500.66	 from	 sediment	 samples	 with	 WWTP	 impact.	 When	
samples	were	split	according	to	WWTP	size	diversity	was	highest	at	sites	affected	by	






from	sites	 impacted	by	cow	and	 lowest	diversity	 for	sheep	 impacted	sites	 in	both	




























Table	 3.1	ANOSIM	analysis	 conducted	on	distance	matrixes	 to	 investigate	 factors	










































Figure	 3.9	 Number	 of	 sequences	 obtained	 per	 sample	 of	 the	 cultured	 DNA	
extractions	against	observed	species.	
	
3.3.3.2	 Alpha	 diversity	 of	 cultured	 DNA	 samples	 split	 according	 to	 water	 and	
sediment		
Samples	were	 split	 according	 to	 sample	 type	 to	 determine	 if	 resistant	 culturable	
fraction	 were	 significantly	 different	 between	water	 and	 sediment.	 The	 dominant	
phyla	 were	 Proteobacteria	 for	 both	 sediment	 and	 water	 samples	 accounting	 for	
99.81	%	of	 reads	 in	 samples.	 The	 predominant	 genera	were	Pseudomonas	which	
accounted	 for	 61.11	 %	 and	 32.87	 %	 of	 genera	 identified	 in	 sediment	 and	 water	
culturable	 fraction	 respectively.	 The	 other	 dominant	 family	 were	 the	
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Enterobacteriaceae	which	accounted	for	14.1	%	and	41.39	%	of	variability	in	genera	
in	 sediment	 and	 water	 culturable	 samples	 respectively.	 Other	 dominant	










Samples	 from	 sediment	 culturable	 fraction	 had	 a	 Simpsons	 inverse	 value	 ranging	
from	1.66	 to	22.41.	 Samples	 from	water	 culturable	 fraction	has	Simpsons	 inverse	



































































Figure	 3.11	 PCoA	 plots	 of	 planktonic	 and	 sediment	 CGNF	 communities:	 Red=	
sediment,	Blue	=	water.	(a)	unweighted	samples,	(b)	weighted	samples	
	























No	 distinct	 clustering	 of	 samples	 occurred	 (Figure	 3.13).	 Both	 unweighted	 and	
weighted	ANOSIM	analysis	 revealed	 that	 samples	did	not	cluster	 (R	=	0.0584,	p	=	
0.019,	 for	unweighted	 samples	 and	R	=	0.0274,	p	=	0.179	 for	weighted	 samples),	





































































presence/absence	 of	 a	WWTP	 near	 to	 the	 sampling	 site	 (Figure	 3.14).	 Dominant	
families	and	genera	were	Pseudomonas	(34.75	%	in	sites	with	no	WWTP	impact	and	
49.23	%	in	sites	 impacted	by	WWTP),	Enterobacteriaceae	 (32.41	%	in	samples	not	

























































































ciprofloxacin	 isolated	 samples	 Pseudomonas	 accounted	 for	 only	 2.8	 %),	 and	
Enterobacteriaceae	 (18.6	 %,	 31.2	 %,	 35.5	 %,	 34.2	 %	 and	 48.2	 %	 respectively).	
Achromobacter	accounted	for	4.2	%,	23.3	%,	0.4	%,	0.5	%,	0.1	%	and	1.5	%	abundance	





Figure	 3.16	 Lowest	 taxonomic	 rank	 of	 the	 top	 15	 order/genus	 from	 samples	
separated	according	phenotypic	resistance	of	the	CGNF	
	
Diversity	 measures	 did	 not	 vary	 greatly	 between	 antimicrobial	 treatment	 with	
cefotaxime-resistant	 culturable	 bacteria	 community	 diversity	 ranged	 from	 1.66	 -	
15.38,	 for	 erythromycin-resistant	 communities	 it	 ranged	 from	 1.54	 –	 14.62,	 for	










































































play	 a	 role	 in	 the	 clustering	 according	 to	 different	 antibiotics	 (Figure	 3.16).		
Ciprofloxacin	 selected	 CGNF	 clearly	 clusters	 away	 from	 all	 other	 antimicrobial-
selected	 communities.	 Although	 this	 group	 isn’t	 enough	 to	 demonstrate	 that	
antimicrobials	 select	 for	 different	 community	 compositions,	 it	 does	 demonstrate	
differences	 between	 treatment	 with	 weighted	 communities	 clearly	 presenting	
different	abundances	of	certain	OTUs	compared	to	other	treatments.	There	may	also	
be	 differences	 in	 the	 abundance	 of	 OTUs	 in	 the	 cefotaxime	 and	 tetracycline	






















No	 significant	 separation	 was	 observed	 for	 both	 weighted	 and	 unweighted	
communities	separated	by	site	(unweighted	R	=	0.0331,	p	=	0.001	and	weighted	R	=	
















systems.	 Using	 metataxonomic	 approaches,	 the	 current	 study	 demonstrates	 a	
diverse	viable	antibiotic-resilient	community.	Communities	 isolated	on	media	with	













veterinary	 relevant	 antimicrobials	 and	 to	 investigate	 how	 this	 subpopulation	
diversity	is	impaired	on	plates	with	regard	to	competition.		
	
Previous	 studies	 have	 identified	 key	 phyla	 within	 river	 sediment	 but	 have	 not	
investigated	 in	 depth	 the	 resistant	 fraction	 (Chao	 et	 al.,	 2013,	 Tang	 et	 al.,	 2016).	
Investigating	the	culturable	resistant	fraction	helps	to	identity	viable	strains	where	
ARGs	 are	 harboured	 to	 identify	 the	 potentially	 clinically	 important	AMR	bacterial	

















sediment	 suggesting	 this	 subcommunity	exists	 in	both	sediment	and	water	and	 is	
therefore	 resilient	 against	 environmental	 factors	 that	 affect	 the	 indigenous	
population.	The	WWTP	process	induces	a	significant	amount	of	stress	on	bacteria,	
therefore	 the	 species	 surviving	 the	 process	 are	 likely	 to	 be	 adapted	 to	 harsh	
conditions	 possibly	 explaining	 why	 non-indigenous	 bacteria	 are	 found	 in	 river	





Dominant	 families	 in	 the	 resistant	 cultured	 fraction	were	Enterobacteriaceae	 and	
Pseudomonadaceae.	Consistent	with	previous	studies	the	resistant	viable	population	
constituted	 only	 a	 small	 proportion	 of	 total	 river	 communities	 with	 0.8	 %	 of	
abundance	 in	sediment	and	1.9	%	 in	water	suggesting	water	communities	carry	a	
higher	 proportion	 of	 resistant	 bacteria	 but	 not	 necessarily	 a	 higher	 abundance.	
Enterobacteriaceae	 and	 Pseudomonadaceae	 consist	 of	 many	 pathogenic	 species	
which	 can	 cause	 disease	 in	 the	 human	 population	 with	 both	 multidrug-resistant	
Pseudomonas	 aeringinosa	 and	 ESBL	 producing	 Enterobacteriaceae	 labelled	 as	
serious	threats	(Tang	et	al.,	2016,	Amador,	2015,	Korzeniewska	and	Harnisz,	2013,	
Slekovec	et	al.,	2012,	WHO,	2014).	Determining	the	factors	involved	in	abundance	
and	 persistence	 of	 these	 subpopulations	 within	 river	 communities	 is	 ultimately	
important	 to	 reducing	 resistance	 levels	 in	 the	 clinic.	 The	 Enterobacteriaceae	
constituted	 a	 large	 proportion	 of	 the	 cefotaxime-resistant	 community,	 but	 the	
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proportion	 of	 Pseudomonas	 dominated.	 Resistance	 in	 Pseudomonas	 has	 been	
identified	as	a	problem	in	hospital-acquired	infections	due	to	its	characteristic	ability	
to	acquire	resistance	to	a	variety	of	antibiotics	making	treatment	difficult.	The	high	







(Tang	 et	 al.,	 2016,	 Ye	 and	 Zhang,	 2013,	Marti	 et	 al.,	 2013a,	 Ibekwe	 et	 al.,	 2016,	
Gibbons	et	al.,	2014).	 Inconsistent	with	Chao	et	al.	who	found	predominant	phyla	
were	 Alphaproteobacteria,	 the	 current	 study	 found	 the	 dominant	 phyla	 were	
Gamaproteobacteria	and	Betaproteobacteria	in	samples	with	WWTP	effluent	impact	
(Chao	et	al.,	2013).	The	sample	community	distribution	was	more	comparable	to	the	
raw	water	 communities	 recorded	possibly	 indicative	of	 significant	WWTP	effluent	
and	CSO	impact	on	these	sites	investigated	in	this	study	(Chao	et	al.,	2013).	
	
Previous	 work	 has	 demonstrated	 that	 sample	 site	 is	 an	 important	 factor	 in	
determining	bacterial	community	composition	(Gibbons	et	al.,	2014).	In	this	current	
study	site	variation	was	most	substantial	with	respect	to	cyanobacterial	abundance.	
The	 highest	 and	 lowest	 recorded	 relative	 abundance	 was	 from	 Kennet	 two	 and	
seven.	 Kennet	 two	 is	 directly	 downstream	 (130	 m)	 of	 Lockeridge	 WWTP	 and	 is	
therefore	likely	to	have	a	large	human	impact	as	well	as	significant	agricultural	impact	
partially	explaining	 the	high	abundance.	Kennet	 two	was	 recorded	as	having	high	
levels	 iron,	 and	 zinc	 (unpublished	 data,	 provided	 by	 Centre	 for	 Ecology	 and	










Perlucidbaca	 of	 which	 there	 is	 currently	 only	 one	 species	 identified	 Perlucidbaca	
piscinae.	 	 Only	 one	 paper	 could	 be	 found	 on	 Perlucidibaca	 which	 characterised	
Perlucidbaca	piscinae,	a	member	of	 the	Moraxellaceae	 family,	which	was	 isolated	





The	 presence	 of	 WWTPs	 did	 not	 impact	 the	 total	 community	 structure	 with	
comparable	 diversity	measures	 from	 sites	with	 and	without	WWTPs.	WWTPs	 did	
impact	 the	 resistant	 cultured	 fraction	 with	 increased	 diversity	 measures	 at	 sites	
affected	by	WWTP	effluent.	This	suggests,	in	accordance	with	numerous	published	




impacted	 sites	 with	 this	 study	 finding	 an	 increase	 in	 diversity	 in	 the	 resistant-
culturable	fraction	(Atashgahi	et	al.,	2015,	Drury	et	al.,	2013,	Lu	and	Lu,	2014).	WWTP	




the	 treatment	 plant	 affects	 river	 pollution	 and	 suggests	 further	 work	 should	
investigate	 the	 extent	 to	 which	 WWTP	 size	 impacts	 ARB	 and	 whether	 size	 is	
proportional	to	ARB	in	rivers	(Atashgahi	et	al.,	2015)		
	





affect	community	composition	with	some	exposures	 leading	 to	a	 reduction	 in	 the	
number	of	OTUs	detected.	There	was	a	small	level	variation	in	diversity	observed	in	





impact,	 temporal	 changes	 and	 CSO	 events	 may	 be	 more	 important.	 Changes	 in	
microbial	communities	related	to	agricultural	impact	have	been	previously	recorded	
by	Van	Rossum	et	al.	who	determined	that	although	changes	occurred	in	community,	











et	 al.,	 2008).	 Characteristically	 they	have	 intrinsic	 resistance	 to	 arsenic	 and	other	
toxic	metals	 and	 can	degrade	aromatic	 compounds	and	plastics	 allowing	 them	 to	
thrive	in	otherwise	inhospitable	environments	(Swenson	and	Sadikot,	2015,	Jin	et	al.,	
2015).	 They	 have	 been	 isolated	 from	 oil	 contaminated	 environments	 displaying	
biosurfactant	producing	abilities,	 in	Antarctic	 soils	 and	have	been	 isolated	 from	a	
copper	mine	in	Poland		(Tambekar,	2012,	Cowan	and	Tow,	2004,	Dziewit	et	al.,	2015).	
Primarily	 studies	 have	 isolated	 Achromobacter	 xyloxidans	 (both	 in	 the	 clinic	 and	
environment)	 suggesting	 this	 is	 the	 dominant	 and	 therefore	 the	most	 successful	
species	within	this	genus	able	to	survive	extreme	environments	and	cause	human	
infection	 (Gomez-Cerezo	 et	 al.,	 2003,	 Doi	 et	 al.,	 2008,	 Chandrasekar,	 1986,	
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Tambekar,	2012).	It	has	previously	been	found	that	Achromobacter	may	interact	with	









demonstrated	 that	 although	 alone	 Achromobacter	 was	 more	 resistant	 to	 the	








may	play	 a	 role	 in	E.	 coli	persistence	 in	 river	water	 and	 sediment.	 Evaluating	 the	
contribution	 of	 Achromobacter	 in	 the	 environmental	 resistome	 by	 elucidating	





detectable	 level	of	Enterobacteriaceae	present	within	 the	 river	 sediment	 samples	







(Vos	et	 al.,	 2012).	 	 The	 less	prevalent	 groups	may	 represent	 the	most	 interesting	





is	 that,	 although	 they	 are	 more	 sensitive	 than	 culture	 independent	 methods	 at	
determining	 rarer	 populations,	 they	 are	 considerably	 more	 biased,	 deselecting	
difficult	to	culture	groups.		
	




in	 this	 genus	 which	 may	 explain	 why	 few	 Pseudomonas	 were	 isolated	 on	
ciprofloxacin	containing	plates	and	why	relatively	larger	levels	of	Enterobacteriaceae	
were	isolated	on	these	plates	in	place	of	this	genus	suggesting	a	wider	environmental	
dissemination	 of	 clinically	 important	 Enterobacteriaceae	 rather	 than	 clinically	
important	Pseudomonas		species	(Su	et	al.,	2010).	The	relative	increase	is	most	likely	
due	to	the	combined	results	of	higher	carriage	of	resistance	to	ciprofloxacin	and	a	
decrease	 in	 competition	 on	 plates	 (Frank,	 2011,	 Livermore,	 2002).	 The	 selective	
effects	 of	 other	 antimicrobial	 components	 produced	 similar	 impact	 in	 species	
diversity	 suggesting	 this	 community	 of	 ARB	 is	 a	 stable	 component	 of	 the	 total	
microbial	community.	
	
	This	 study	 found	 water	 and	 sediment	 populations	 vary	 significantly	 for	 total	
communities	but	the	CGNF	which	remains	constant	with	respect	to	same	OTUs.	 It	
also	concluded	that	alone	WWTP	effluent	release	is	not	significant	in	determining	the	
community	 structure	but	 that	 intuitively	 the	 size	of	 the	population	 served	by	 the	
WWTP	is	important	with	a	larger	population	contributing	more	substantially	to	ARB	
































as	 the	 count	 relative	 to	 16S	 copies)	 in	 microbial	 communities	 of	 river	 systems.	
Continuing	the	work	on	the	Thames	catchment	the	next	stage	was	to	determine	the	
prevalence	of	selected	ARG	to	evaluate	levels	of	dissemination	and	determine	if	ARG	
levels	 correlated	 to	 various	 environmental	 factors	 including	 both	 agriculture	 and	
waste	processing.	
	
AMR	has	previously	been	 studied	 in	 the	Thames	 catchment	 reporting	 an	average	








in	 the	Thames	catchment.	 In	 the	current	study	the	aim	was	to	 further	 investigate	
AMR	 with	 respect	 to	 ARG	 in	 both	 culture	 independent	 and	 culture	 dependant	
enrichments	of	the	antibiotic	resistant	CGNF	to	determine	which	factors	impact	the	




recommended	 a	 list	 of	 indicator	 targets	 and	bacterial	 groups	 to	 be	monitored	 to	
achieve	 comparability	 to	monitor	 global	 prevalence	 of	 a	 standardised	 core	 set	 of	
clinically	relevant	genes	(Berendonk	et	al.,	2015).	Targets	included	E.	coli,	intI1,	blaCTX-
M,	qnrS,	ermF	and	 tetM.	This	study	used	these	recommendations	and	additionally	
qacE,	 to	 further	 study	ARG	 in	 the	Thames	catchment	at	 the	eight	 sites	previously	
discussed	 in	 Chapter	 3.	 	 The	 chosen	 genes	 confer	 resistance	 to	 a	 range	 of	
antimicrobials	 including	 antibiotics	 (blaCTX-M,	 qnrS	 	 ermF	 and	 tetM)	 and	 biocides	
(qacE)	and	the	suggested	anthropogenic	pollution	marker;	the	integrase	gene	from	









Verne,	 2016).	 Although	 there	 have	 been	 contrasting	 studies	 about	 the	 overall	
contribution	WWTPs	play,	most	evidence	suggests	that	they	do	play	a	significant	role	







both	 community	 analysis	 (Chapter	 3)	 and	 evaluating	 the	 extent	 of	 ARG	
contamination	in	this	chapter.			
	
Agriculture	 can	 have	 a	 significant	 impact	 on	 the	 prevalence	 of	 	 ARG	 in	 specific	
environments	(O'Neill,	2016,	Van	Boeckel	et	al.,	2014).	A	number	of	studies	indicate	
a	strong	correlation	between	AMR	prevalence	and	antibiotic	usage	in	farm	livestock	
where	waste,	 such	as	manure,	 is	 commonly	used	as	 fertilizer.	Many	 reports	have	
demonstrated	 the	 link	 between	 ARG	 and	 manure	 spreading	 showing	 significant	











2015,	 Smalla	 et	 al.,	 2000a,	 Byrne-Bailey	 et	 al.,	 2011,	 Byrne-Bailey	 et	 al.,	 2009,	
Szczepanowski	et	al.,	2009,	Li	et	al.,	2015a).	For	example,	the	study	by	Munck	et	al.	
investigated	 the	 resistome	of	 the	WWTP	and	 its	 dissemination	by	mapping	 reads	
from	 WWTP	 core	 resistome	 to	 metagenomes	 from	 human	 gut,	 cow	 rumen,	
permafrost	and	aquifer.	They	showed	little	dissemination	of	the	resistome,	with	only	
8	%	of	reads	from	the	WWTP	core	found	in	non-WWTP	metagenome,	contrasting	to	
many	 studies	 suggesting	 the	 opposite,	 and	 detected	 less	 than	 10	 %	 of	 the	 core	
resistance	 genes	 found	 in	 the	 treatment	 plant	 in	 the	 environment	 (Munck	 et	 al.,	
2015).	They	considered	farms	as	a	producer	of	waste	and	the	potential	consequences	
of	 waste	 disposal	 to	 the	 treatment	 plant	 but	 only	 investigated	 the	 waste	 to	 be	
treated	at	the	plant	and	did	not	investigate	the	effects	of	surrounding	farmland	and	








however	 no	 monitoring	 of	 disposal	 of	 ARG	 and	 AMR	 in	 rivers	 is	 recorded.	 Only	
monitoring	of	biochemical	 oxygen	demand	 (BOD)	 for	water	quality	 and	biological	




these	 include	 contamination	 of	 the	 food	 chain,	 tourism	 and	 travel.	 ARG	
contamination	within	the	food	chain	can	occur	via	several	routes;	primarily	the	use	
of	 antibiotics	 in	 food	 production	 can	 result	 in	 active	 selection	 of	 ARG,	 	 however	
intentionally	added	bacteria	(i.e	as	starter	cultures	and	for	bioconserving	purposes)	
can	also	contribute,	as	can	cross-contamination	 in	food	processing	(Verraes	et	al.,	




evolved	 in	 ruminants	 before	 spreading	 to	 the	 human	 population	 and	 the	 recent	
emergence	of	the	mobilisable	mcr-1	gene	which	was	detected	in	intensively	reared	
swine	in	2015	and	was	consequently	detected	in	clinical	isolates	a	few	months	later	
(Paterson	 et	 al.,	 2014,	 Liu,	 2015,	McGann	 et	 al.,	 2016).	 Although	 it	 has	 not	 been	




contributed	 to	 the	 dissemination	 of	 ARG	 (Hawkey,	 2015).	 The	 study	 by	
Wickramasinghe	 	 et	 al.	 demonstrated	22	%	of	 persons	 from	 the	Middle	 East	 and	
South	Asia	carried	the	blaCTX-M	genes	whereas	only	8.2	%	of	Europeans	carried	3GC	
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resistance-conferring	 genes	 (Wickramasinghe	 et	 al.,	 2012).	 This	 relationship	 was	
previously	reported	in	Australian	travellers	where	it	was	recorded	that	the	rate	of	
ARB	 carriage	 prior	 to	 travelling	was	 7.8	%	 and	 49	%	 post-travel	with	 the	 highest	
likelihood	 of	 carriage	 arising	 in	 travellers	 who	 had	 visited	 the	 Middle	 East.	 The	
association	between	travel	and	global	dissemination	of	ARG	is	primarily	associated	
with	 the	 ESBL	 and	 carbapenemase	 resistance	 genes,	 blaCTX-M	 and	 blaNDM-1	
respectively,	which	have	been	reported	as	a	direct	consequence	of	food	import	from,	





to	 consider	 the	 correlation	 between	 culture	 dependant	 and	 culture	 independent	
methods	to	evaluate	the	variables	with	a	potential	to	drive	resistance	in	rivers.			
	
AMR	 within	 the	 Enterobacteriaceae	 has	 been	 highlighted	 as	 a	 major	 concern	 by	
multiple	reports	which	label	them	as	“serious”	threats	to	human	health	(WHO,	2014,	
O'Neill,	 2016,	 Gelband,	 2015).	 The	 resistome	 within	 this	 specific	 population	 of	
clinically	 related	 bacteria	 is	 incredibly	 diverse	 due	 to	 their	 ability	 to	 receive	 and	
disseminate	resistance	containing	plasmids	(Amador,	2015,	Humeniuk	et	al.,	2002,	













analysis	 fail	 to	 identity	 the	 risks	 associated.	 In	 the	 current	 study	 the	 aim	was	 to	
investigate	a	specific	fraction	of	the	viable	bacteria	community	by	investigating	the	
CGNF	to	evaluate	the	ARGs	within	these	potentially	pathogenic	species	to	determine	
specific	 ARG	 associated	 with	 AMR	 phenotype.	 The	 key	 genes	 suggested	 by	
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The	 sampling	 regime	 took	 sediment	 and	water	 from	 eight	 sites,	 from	 two	 rivers.	
Metadata	 was	 collected	 during	 the	 sampling	 regime	 to	 include	 environmental	
variables	 that	may	be	 involved	 in	 the	prevalence	of	 target	 genes	 (Table	4.1).	 The	
Thame	sites	were	impacted	by	larger	WWTPs	compared	with	the	Kennet	sites	and	
overall	the	Kennet	sites	had	a	higher	agricultural	 impact	(Table	4.1).	All	sites	were	
downstream	of	a	WWTP	effluent	outlet	and	 the	 river	 source	was	not	 tested.	The	
nearest	WWTP	effluent	impact	in	two	cases	(Thame	7	and	Thame	11)	was	however	
over	 8	 km	 away.	 Cattle	 were	 the	 most	 prevalent	 agricultural	 impact	 and	 were	
observed	at	five	of	the	eight	sites.		
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Thame	3	 Downstream	 ~	3	km		 104000	 Cattle,		 High	 No	
Thame	5	 Downstream	 <	500	m	 11000	 Cattle	 Low	 No	
Thame	7	 Upstream	 ~	10	km		 >10000	 Cattle	 Low	 No	
Thame	8	 Downstream	 <	500	m		 30000	 Cattle	 Low	 No	
Kennet	2	 Downstream	 <	500	m	 <10000	 Sheep	 High	 No	
Kennet	7	 Downstream	 <	500	m	 <10000	 Sheep,	fish	farm	 High	 No	
Kennet	8	 Downstream	 <	500	m	 <10000	 Swine	and	fish	farm	 High	 Yes	










Significant	 differences	 were	 recorded	 between	 sediment	 and	 water	 with	 mean	
prevalence	 in	water	 at	 2.8	 x	 10-3	 and	mean	 prevalence	 in	 sediment	 at	 3.6	 x	 10-4	
(ANOVA	F	=	62.72,	p	<	0.001).	The	Kennet	had	a	higher	overall	prevalence	of	qnrS	but	





2	 and	 the	highest	was	 recorded	at	Kennet	7.	Across	 the	Thame	 the	 site	with	 the	
lowest	prevalence	was	Thame	7	and	the	site	with	the	highest	was	Thame	5.	The	most	
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Significant	 differences	were	 observed	 between	 sediment	 and	water	 sample	 tetM	
prevalence	(ANOVA	F	=	9.28,	p	<	0.05).	Sediment	samples	presented	a	lower	mean	
prevalence	 (5.8	 x	 10-4)	 than	 water	 samples	 1.4	 x	 10-3).	 Between	 catchments	 the	












































investigating	 pairwise	 comparisons	 could	 not	 determine	 significant	 differences	
between	Kennet	sites.	Significant	differences	were	observed	between	Thames	sites	













The	 prevalence	 of	 qacE	 was	 significantly	 higher	 in	 water	 samples	 compared	 to	
sediment	 (ANOVA	F	 =	 27.48,	 p	 <	 0.05)	 and	was	 significantly	 higher	 in	 the	 Thame	
compared	to	the	Kennet	(p	<	0.05).	Sediment	samples	had	a	mean	prevalence	of	5.1	
x	10-3	and	water	samples	had	a	mean	prevalence	of	1.8	x	10-2.	Thame	samples	had	a	
mean	of	 1.6	 x	 10-2	 and	Kennet	 samples	 had	 a	mean	of	 6.2	 x	 10	 -3.	No	 significant	
differences	were	recorded	across	the	Kennet	sites	for	differences	in	qacE	prevalence	
(Tukey	HSD	pairwise	comparisons	p	>	0.05),	but	significant	differences	were	observed	










Site	 analysis	 showed	 that	 significant	 differences	 between	 sediment	 and	 water	




















samples	 with	 a	 much	 higher	 prevalence	 in	 the	 Thame	 water	 samples	 compared	
(mean=	2.2	x	10	-3)	to	the	Kennet	(mean	=	7.6	x	10-7).	
	
Investigating	 individual	 site	 differences	 showed	 prevalence	 was	 significantly	
different	between	sediment	and	water	samples	at	Kennet	sites	only	(Tukey	HSD	p	<	




Investigating	 the	 prevalence	 of	 ARG,	 E.	 coli	 and	 intI1	 targets	 demonstrated	 large	
variation	across	sample	type	and	river.	Each	site	presented	different	environmental	












expected	 that	 the	 prevalence	 would	 be	 lower	 at	 this	 site.	 The	 low	 prevalence	
observed	 at	 Kennet	 8	 however	was	 not	 expected	 as	 it	 is	 directly	 downstream	 of	
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Correlations	between	 targets	were	 investigated	 to	determine	 if	 the	prevalence	of	
one	determined	the	prevalence	of	others.	Samples	were	split	by	type	to	determine	
if	 water	 and	 sediment	 presented	 the	 same	 patterns.	 Correlation	 profiles	 were	
different	between	water	and	sediment	(Figure	4.4)	with	some	positive	relationships	
in	sediment	samples	presenting	negative	relationships	in	water	(qnrS	and	intI1,	ermF	
and	 E.	 coli)	 and	 some	 negative	 relationships	 in	 sediment	 showing	 positive	










Highest	 Lowest Highest Lowest
qnrS K7 K2 T5 T7 K7 T7 Kennet* Water*
tetM K2 K8 T5 T7 T5 T8 Thame* Water*
ermF K7 K8 T5 T7 T5 K8 Thame* Sediment*
intI1 K7 K8 T5 T7 T5 T7 Thame Water
E. coli K2 K8 T8 T3 T8 K8 Thame* Sediment*
qacE K2 K11 T5 T7 T5 T7 Thame* Water*








Figure	 4.4	 Correlations	 between	 ARG	 (blaCTX-M-1	 refers	 to	 group	 1.),	 E.	 coli	 and	
integrase	prevalence.	(a)	sediment	(b)	water.	Correlogram	is	coloured	by	the	strength	




























































Clearly,	 the	 intI1	 gene	 was	 the	most	 prevalent	 gene	 in	 the	majority	 of	 samples,	









samples	 with	 greater	 prevalence’s	 of	 AMR	 targets.	 The	majority	 (64	 %)	 of	 these	
samples	were	from	the	Thame	CGNF.	Of	the	highlighted	section	(Figure	4.5c),	which	
represents	 the	 samples	with	 the	highest	prevalence	of	genes,	 the	majority	of	 the	
samples	 (63	 %)	 were	 from	 the	 CGNF	 of	 sediment	 suggesting	 that	 sediment	may	








The	 Kennet	 and	 Thame	 samples	 showed	 some	 clustering,	 particularly,	 samples	
showing	little	prevalence	of	any	target	AMR	gene	(centre	section	of	Figure	4.5a)	were	






















represent	 the	 samples	with	 the	highest	prevalence	of	AMR	 target	genes	Brackets	



















































































































































































































































































































































































































































































observed	 in	 phenotypic	 erythromycin-resistant	 communities.	 Surprisingly	 the	
prevalence	of	 the	ESBL	blaCTX-M-1	 did	not	 appear	 to	 correlate	with	 the	phenotypic	
cefotaxime	 communities	 from	 sediment	 and	 appears	 highest	 in	 the	 communities	
presenting	phenotypic	tetracycline	resistance	(Thame	8,	Figure	4.6).	From	Chapter	3	
it	 is	 unclear	 if	 competition	 on	 the	 plates	 may	 result	 in	 resilient	 communities	
predominantly	 of	 Pseudomonas	 rather	 than	 resistant	 communities	 which	 could	
explain	why	a	higher	prevalence	of	blaCTX-M-1	was	recorded	in	communities	where	it	
would	 not	 be	 expected.	 The	 tetracycline-resistant	 CGNF	 communities	 did	 show	 a	
higher	 number	 of	 Enterobacteriaceae	 compared	 to	 cefotaxime-resistant	 CGNF	







































































































































































































































































































































The	 prevalence	 within	 water	 CGNF	 was	 lower	 than	 expected	 for	 most	 targets	
(excluding	intI1	and	qacE)	and	chosen	targets	were	not	responsible	for	phenotypic	
resistance	 in	most	 instances.	The	choice	of	ARG	targets	 therefore	may	not	be	the	






































































































































































































































































































































Six	 antimicrobial	 conditions	 (unamended	 HiCA,	 ciprofloxacin,	 cefotaxime,	 CTAB,	
tetracycline	 and	 erythromycin)	 were	 used	 to	 isolate	 the	 CGNF.	 Data	 was	 log	
transformed	to	overcome	the	assumption	 in	ANOVA	of	homogeneity	of	variation.	
Two	way	ANOVAs	were	 fitted	to	 investigate	 the	differences	between	catchments,	






with	 a	 higher	 prevalence	 at	 Thame	 sites	 compared	 to	 Kennet.	 The	 Thame	mean	



















































between	 the	 Kennet	 and	 Thame	with	 a	 substantially	 higher	 prevalence	 in	 Thame	
water	samples	compared	to	Kennet	(mean	in	Thame	=	2.7	x	10-4,	mean	in	Kennet	=	
	 154	
1.6	 x	 10-5).	 Significant	 differences	were	 also	 recorded	 for	 prevalence	 in	 sediment	





















The	 only	 site	 to	 have	 significant	 differences	 between	 sediment	 and	 water	 CGNF	






The	 prevalence	 of	 blaCTX-M-1	 	 was	 not	 significantly	 different	 between	 water	 and	
sediment	 CGNFs	 but	 was	 different	 between	 rivers	 with	 the	 Thame	 presenting	 a	

















In	 comparison	 with	 the	 total	 community	 analysis	 of	 ARG	 prevalence	 (Table	 4.2),	




and	 qacE	 (Table	 4.3).	 This	 suggests	 that	 the	 resistant	 CGNF	 is	 the	 same	 within	







ARG	 within	 the	 CGNF	 was	 variable	 and	 was	 dependant	 on	 the	 specific	 target	





sites	which	may	 be	 indicative	 of	 the	 urbanisation	 surrounding	 the	 river	 sampling	
sites.	 Consistent	with	 total	 community	 analysis	 this	 suggests	 that	WWTP	 effluent	




























Highest	 Lowest Highest Lowest
qnrS K7 K8 T5 T7 T5 K8 Thame* Water
tetM K7 K8 T3 T5 K7 T5 Kennet ~ Water
ermF K2 K7/K8/K11 T3 T5/T7 K2 K7/K8/K11/T5/T7 Kennet Water
intI1 K11 K8 T3 T6 T3 K8 Thame* Sediment*
E. coli K2 K7 T8 T97 T8 T7 Thame ~ Sediment
qacE K11 K7 T5 T7 K11 K7 Thame* Sediment*




in	 CGNF	 from	 planktonic	 and	 sediment	 communities.	 (a)	 Sediment	 (b)	 Water.	










E.	coli	entering	the	environment	through	anthropogenic	contamination	 is	 likely	 to	





























































Significant	 differences	 were	 recorded	 between	 rivers	 with	 the	 Thame	 carrying	 a	





had	 the	 highest	 at	 5.2	 x	 10-3.	 Sediment	 sample	 prevalence	 was	 borderline	


























(Tukey	 HSD	 p	 <	 0.05).	 Within	 the	 Kennet	 samples	 site	 11	 reported	 the	 highest	
prevalence	 of	 tetracycline-resistant	 E.	 coli	 which	 was	 comparable	 to	 site	 7.	 The	
lowest	prevalence	was	at	site	8	and	was	similar	to	the	prevalence	at	site	2	(mean	
prevalence	at	site	two	=	1.5	x	10-5,	site	seven	=	9.5	x	10-3,	site	eight	=	1.5	x	10-5	and	




The	 prevalence	 of	 CTAB-resistant	 E.	 coli	 within	 water	 and	 sediment	 CGNF	 was	
significantly	different	(ANOVA,	F	=	11.84,	p	<0.05).	A	higher	prevalence	was	found	in	
sediment	samples	(mean	=	3.0	x	10-3)	compared	to	water	sample	(mean	=	3.5	x	10-4).	










level	of	E.	coli	 found	 in	 resistant	communities	at	each	site.	 	There	are	no	obvious	
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determinants	 of	 resistant	 E.	 coli	 prevalence	 with	 some	 communities	 displaying	
significant	differences	between	sediment	and	water	and	some	dependent	upon	river.		
Interestingly,	 site	prevalence	varied	according	 to	 the	 condition	used	 to	 isolate	on	
with	 CTAB-resistant	 E.	 coli	 isolates	 most	 prevalent	 at	 Thame	 seven	 and	 least	
prevalent	at	Thame	3	contrasting	to	ciprofloxacin-resistant	E.	coli	and	cefotaxime-
resistant	E.	coli	which	were	most	prevalent	at	Thame	3	and	least	prevalent	at	Thame	
7.	 Lower	 prevalence	 at	 Thame	 7	 is	 consistent	 with	 the	 total	 community	 analysis	
(Table	4.2).	Overall,	CTAB-resistant	E.	coli	were	more	prevalent	at	Kennet	sites	than	
Thame,	 with	 borderline	 significance,	 suggesting	 agricultural	 impact	 is	 potentially	







the	 effects	 of	 environmental	 factors	 and	 has	 shown	 that	 factors	 affecting	 gene	
























































Highest	 Lowest Highest Lowest
HiCA K2 K7 T8 T7 T8 T7 Thame ~ Sediment
Ciprofloxacin K7 K11 T3 T7 T3 K11 Thame* Sediment	~
Cefotaxime K8 K2 T3 T7 T3 K2 Thame* Sediment*
CTAB K2 K8 T7 T3 K2 T3 Kennet ~ Sediment*
Erythromycin K7 K2 T8 T7 T8 T7 Thame Sediment*





both	 water	 and	 sediment	 samples	 were	 taken	 to	 evaluate	 the	 relative	 ARG	
prevalence	in	each	sample	type.	ARG	abundance	was	found	to	be	higher	in	sediment	
than	water	 and	 consistent	with	 the	 results	 in	 Chapter	 3,	 the	work	 here	 suggests	
sediment	presents	a	greater	reservoir	of	ARB	than	water.	There	was	no	significant	
variation	in	gene	prevalence	between	the	CGNF	from	water	or	sediment	suggesting	
that	 prevalence	 in	 this	 population	 does	 not	 vary	 with	 sample	 type	 and	 that	 in	
accordance	 with	 findings	 in	 Chapter	 3,	 population	 similarity	 results	 in	 similar	
prevalence	of	ARG.	
	















The	most	 prevalent	 gene	was	 intI1	which	was	 detected	 at	 levels	 consistent	with	
previous	 studies	 (Berglund	 et	 al.,	 2014,	 Zhang	 et	 al.,	 2009b).	 There	 were	 no	
differences	 in	 prevalence	 between	 water	 and	 sediment	 samples	 but	 there	 were	
significant	 differences	 in	 abundance	 between	 these	 sample	 types	 with	 sediment	
carrying	a	higher	number	of	 intI1	genes	than	the	water	 (comparison	between	per	
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gram	 wet	 weight	 sediment	 and	 per	 ml	 water).	 Significant	 differences	 were	 not	
recorded	between	rivers	however	the	Thame	did	present	higher	prevalence	which	
might	be	related	to	the	larger	urban	impact.	Previous	studies	have	demonstrated	the	
association	 with	 integrons	 and	 anthropogenic	 impacts;	 one	 study	 showed	
enrichment	of	integron-associated	genes	during	the	WWTP	processes	reporting	high	
levels	of	the	intI1	gene	and	other	studies	have	demonstrated	the	association	of	this	
gene	with	E.	 coli	 isolates	 from	WWTP	effluent	 impacted	 rivers	 (Bengtsson-Palme,	
2016,	 Kotlarska	 et	 al.,	 2015).	 The	 association	 of	 class	 1	 integrons	 at	 sites	 with	
anthropogenic	 impacts	 has	 led	 to	 the	 assumption	 that	 the	 integrase	 gene	 may	
provide	a	suitable	marker	gene	to	evaluate	the	extent	of	human	pollution	(Gillings	et	
al.,	2015).		Although	this	gene	is	commonly	detected	in	environmental	samples,	the	
detection	of	 the	 intI1	 gene	does	not	 necessarily	 infer	 detection	of	 clinical	 class	 1	
integrons	(which	are	characterised	by	the	possession	of	the	sul1	and	qacED1		genes	
)(Deng	et	al.,	2015).	In	the	current	study,	although	the	qacE	gene	(primers	amplify	
both	qacED1	and	qacE)	was	 shown	 to	 correlate	with	 intI1	 gene	 (suggesting	 some	













that,	 in	 contrast	 to	 previous	 work	 that	 intI1	 is	 not	 a	 suitable	 predictor	 of	














chosen	 ARG	 targets	 were	 picked	 based	 on	 the	 likelihood	 that	 they	 would	 be	
















unsurprising	 considering	 it	was	 the	 furthest	 away	 from	WWTP	effluent	 impact	 at	
approximately	~10	km	downstream	of	effluent	release.	This	suggests	that	it	is	not	the	
size	 of	 the	 population	 served	 by	 the	 WWTP	 plant	 that	 contributes	 to	 the	
dissemination	but	the	location,	with	sampling	sites	less	than	500m	from	the	effluent	
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to	 the	 impact	of	 larger	populations	 served	by	WWTPs).	The	presence	of	different	
animals	near	sites	clearly	plays	a	role,	however	 it	 is	not	possible	from	the	current	
study	to	determine	which	agricultural	impacts	were	most	important	in	determining	
prevalence.	 The	 presence	 of	 fish	 farms	 at	 Kennet	 7,	 8	 and	 11	 however	 is	 likely	
involved	 in	 the	 higher	 prevalence	of	 resistance	 genes	 at	 these	 sites	 compared	 to	
Kennet	2	(which	was	also	recorded	to	have	high	animal	impact	but	did	not	have	the	
direct	impact	of	fish	farms).		Fish	farm	effluents	are	released	directly	in	to	the	river,	




































concentrations	 (p	 <	 0.05)	 of	 soluble	 reactive	 phosphorus	 (SRP),	 total	 dissolved	
phosphorus	 (TDP),	 total	 phosphorus	 (TP),	 dissolved	 fluorine	 and	 chlorine,	 nitrate,	
sulphate,	 total	 dissolved	 nitrogen,	 dissolved	 organic	 carbon,	 sodium,	 potassium,	


























environment	 through	 misuse	 and	 overuse	 of	 antibiotics	 both	 in	 clinical	 and	
agricultural	settings.	It	has	been	established	in	the	current	study	that	faecal	coliforms	
isolated	 from	both	water	 and	 sediment	present	 substantial	 source	of	AMR	genes	
which	 are	 carried	 in	 species	 likely	 able	 to	 colonise	 the	 human	 gut.	Many	 of	 the	

















































Thame3 466 483 519 0.083 0.14 82.34 0.05 68.24 66.17 17.96 6.55 66.06 14.17 94.71 4.77 68.24 27.62 10.58 9.46 7.20 3.14
Thame5 295 339 380 0.083 0.19 56.58 0.11 49.62 82.17 12.06 6.13 38.13 8.19 135.50 5.62 68.70 10.78 6.97 5.34 -0.35 -3.70
Thame7 812 812 864 0.051 0.17 76.35 0.00 45.39 67.17 12.4 5.4 55.59 12.42 110.04 4.73 77.68 18.48 3.76 5.34 7.06 3.65
Thame8 816 914 952 0.067 0.17 74.98 0.00 45.21 66.39 11.48 5.74 56.20 12.67 111.50 4.74 77.76 15.21 3.12 6.90 5.21 7.81
Kennet2 75 73 104 0.136 0.11 21.76 0.04 38.64 27.13 10.04 3.89 3.92 1.94 38.02 0.99 11.42 655.56 85.31 61.56 13.24 424.15
Kennet7 77 75 83 0.103 0.11 20.55 0.09 33.40 16.94 8.68 2.35 10.65 2.07 114.82 1.76 16.91 33.18 4.04 3.70 0.28 8.69
Kennet8 36 46 47 0.004 0.12 17.83 0.05 24.62 13.23 6.5 1.93 9.24 1.63 115.47 1.79 16.05 37.10 5.16 5.95 -0.06 19.24









The	 work	 presented	 here	 suggests	 that	 one	 of	 the	 most	 important	 factors	 in	
determining	ARG	prevalence	in	the	environment	is	the	influence	of	WWTP	effluent	









but	 consistent	 with	 many	 other	 studies	 which	 have	 recovered	 AMR	 E.	 coli	 from	
























In	 times	 of	 heavy	 rainfall	WWTPs	 are	 unable	 to	 cope	with	 very	 large	 volumes	 of	
surface	runoff	therefore	CSOs	collect	this	runoff	from	both	industrial	and	domestic	
sources	and	bypass	treatment	discharging	directly	in	the	river	with	the	assumption	
that	 dilution	 effects	 will	 result	 in	 minimal	 disruption	 and	 pollution	 of	 the	
environment	(Jalliffier-Verne	et	al.,	2015,	Jalliffier-Verne,	2016,	DEFRA,	2012).	The	
volume	of	untreated	water	that	can	be	released	via	CSO	spills	is	defined	by	the	EA	to	
be	 any	 quantity	 over	 the	 “pass	 forward	 flow”,	 which	 is	 the	 required	 volume	 of	





occur	 (EA,	 2014).	 The	 number	 of	 spills	 is	 monitored	 by	 the	 Government	
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environmental	 agency	 (EA),	 however	 no	monitoring	 took	 place	 at	 the	 CSO	 in	 the	
current	study	(Robert	Huxham,	SevernTrent	Water,	personal	correspondence,	13th	
July	 2016).	We	 hypothesise	 flocs	 are	 likely	 to	 form	 allowing	 biomass	 to	 sink	 and	
persist	 in	 sediment	 accounting	 for	 higher	 levels	 of	 ARB	 and	 ARG	 at	 CSO	 event	
impacted	sites.	
	
The	 impact	 of	 CSO	 release	 events	 on	 rivers	 has	 primarily	 focussed	 on	 examining	
water	samples	(Jalliffier-Verne,	2016,	Wang,	2014).	The	release	of	 faecal	 indicator	
bacteria	was	determined	reporting	E.	coli	concentrations	varied	by	several	orders	of	





impact,	 therefore	 it	was	 the	 aim	of	 the	 current	 study	 to	 evaluate	 the	 impacts	 of	
different	plant	releases	(Amos	et	al.,	2014).		
	
The	 Finham	WWTP	was	 selected	 for	 seasonal	monitoring	 because	 previous	work	
identified	 it	 as	 a	 source	 of	 intI1	 and	 ARB	 (Gaze	 et	 al.,	 2011,	 Amos	 et	 al.,	 2014).	
Sediment	was	sampled	at	two	sites	downstream	of	a	CSO;	one	site	was	impacted	by	
CSO	release	events	only	and	the	other	was	downstream	of	treated	WWTP	effluent	
release	 and	 was	 therefore	 impacted	 by	 both	 diluted	 CSO	 release	 and	 treated	
effluent.		The	aim	was	to	see	if	sites	are	similarly	affected	and	determine	if	they	were	
equally	affected	by	season.	The	hypothesis	was	that	higher	numbers	of	ARB	would	
be	 present	 in	 Winter/Autumn	 compared	 to	 Spring/Summer.	 The	 Finham	WWTP	
serves	450000	people	with	an	average	intake	of	120	million	litres	per	day	of	sewage	
from	two	inlets,	the	Sowe	and	Sherbourne	(Figure	5.1).	There	are	two	detritors	at	the	













(except	 mercurial	 compounds)	 to	 rivers	 (Agency,	 2014).	 Co-selection	 of	 ARG	 has	
previously	been	 suggested	due	 to	 co-carriage	of	ARG,	BRG	and	MRG	on	plasmids	
(Popowska	and	Krawczyk-Balska,	2013,	Pal	et	al.,	2015).	It	was	found	that	BRB	often	
carried	more	ARG	 than	biocide-susceptible	 bacteria	 (Pal	 et	 al.,	 2015).	 The	 class	 1	
integron	 integrase	 gene,	 intI1,	may	 be	 an	 accurate	 marker	 for	 determining	 ARG	






and	consider	 if	 shifts	 in	ARG	correlate	with	changes	 in	 intI1	abundance.	The	gene	
targets	chosen	for	monitoring	were	used	previously	in	Chapter	4	and	were	chosen	


































































































Monthly	 rainfall	 data	 was	 recorded	 (Figure	 5.2),	 (taken	 from	 the	 Met	 Office;	
http://www.metoffice.gov.uk/climate/uk/summaries)	 to	 investigate	 changes	 in	
precipitation	with	respective	changes	in	count	data	which	was	recorded	at	seasonal	















































































Spring	2015 Summer	2015 Autumn	2015 Winter	2016
(a)






























Winter	2015 Spring	2015 Summer	2015 Autumn	2015 Winter	2016
(b)
Hicrome Ciprofloxacin CTAB Cefotaxime
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5.3.1.2	 Seasonal	 variation	 of	 phenotypic	 resistant	 PCE	 from	 CSO	 and	 WWTP	
impacted	sites	
PCE	 counts	were	not	 significantly	 different	 between	 sites	when	 isolating	on	HiCA	
media	 (Mann-Whitney	 p	 =	 0.5771),	 but	 showed	 significant	 differences	 for	 all	
antibiotic	and	biocide	conditions	used	 (p	<	0.05).	The	phenotypic	 fluoroquinolone	
and	 biocide	 resistant	 PCE	 population	 was	 significantly	 higher	 at	 Site	 2	 but	 the	
phenotypic	cefotaxime	resistant	PCE	population	was	higher	at	Site	1.		
	
Significant	 differences	 between	 season	 for	 culture	 dependant	 PCE	 counts	 were	
determined	using	non-parametric	tests.	PCEs	isolated	from	Site	1	and	2	presented	

































































































































































































































































































































































































































































































































































































































































































































































were	greatest	 in	Autumn	and	demonstrated	 significantly	higher	 counts	 compared	
with	Winter	2015,	Spring	2015	and	Winter	2016	for	all	conditions	except	HiCA	(Table	
5.1,	Dunns	test	p	=	<0.05).	Equally	high	counts	at	Site	2	were	recorded	in	Winter	2015	
and	 2016	 (no	 significant	 difference,	 as	 determined	 by	 Dunn’s	 test	 was	 observed	
between	the	two	Winter	samplings,	see	Table	5.1).	Antibiotic	and	biocide	resistant	














The	 total	 sediment	 bacterial	 load	was	 consistent	 over	 the	 year	 (Table	 5.2).	 Some	
change	was	observed	at	Site	1	with	an	increase	from	Spring	to	Autumn	of	~	1.8	times	
















Spring	2015 Summer	2015 Autumn	2015 Winter	2016
(a)














Winter	2015 Spring	2015 Summer	2015 Autumn	2015 Winter	2016
(b)

























showed	 clustering	 of	 samples	 collected	 at	 the	 same	 sites	 (Figure	 5.6)	 suggesting	
sample	 site	 is	 more	 important	 than	 season.	 The	 only	 season	 showing	 clustering	
according	to	ARG	prevalence	was	Winter	2016	which	showed	separate	clustering	of	




high	 number	 of	 faecal	 coliforms	 entering	 the	 environment.	 ARG	 prevalence	 was	
lowest	in	the	Spring/Summer	months	(Figure	5.6)	but	clustering	was	based	primarily	









investigated.	 Site	2	presented	higher	proportions	of	 resistance	genes	 consistently	
throughout	 the	 sampling	 period	 compared	 with	 Site	 1	 and	 showed	 substantially	
higher	intI1	prevalence	with	some	samples	presenting	45	%	carriage	compared	to	15	






























































target	and	 followed	an	over-dispersed	Poisson	distribution.	 	Non-parametric	 tests	
were	conducted	to	determine	if	ARG	populations	were	significantly	different.	All	ARG	
were	 found	 to	 be	 independent	 (Mann-Whitney-Wilcoxon	 p	 <	 0.05)	 for	 each	
comparison	 made.	 ARGs	 levels	 were	 not	 significantly	 different	 between	 season	









































































































Winter	 2015	 and	 Spring	 2015	 (p	 =	 0.0118).	 There	 was	 no	 significant	 difference	






























the	 strength	 of	 the	 correlation	 where	 dark	 red=	 -1,	 white=0	 and	 dark	 blue=1.	
Significant	 correlations	 were	 calculated	 using	 the	 Pearson’s	 correlation	 analysis	
showed	that	statistically	significant	(p	<	0.05)	correlations	existed	between	qnrS	and	
blaCTX-M-1	,	qnrS	and	E.	coli	(23S),	ermF	and	tetM,	ermF	and	intI1,	ermF	and	qacE,	tetM	





supported	 the	 results	 from	Amos	et	al	who	similarly	 investigated	 the	 relationship	
between	this	integrase	gene	and	3GC	resistance	in	river	isolates.	In	contrast	to	the	





















































Enterobacteriaceae	 in	 sediment	 communities,	many	 of	 which	 are	 not	 indigenous	
sediment	bacteria.		Rarefying	at	7775	did	result	in	some	species	diversity	loss	but	the	









Figure	 5.9	 Number	 of	 species	 observed	 per	 sample.	 (a)	 observed	 species	 in	 non-














There	 was	 no	 significant	 difference	 in	 alpha	 diversity	 in	 rarefied	 communities	
between	 site	 (t	 =	 -0.76,	 p	 =	 0.49).	 Enterobacteriaceae	 populations	 were	 not	
significantly	different	between	sites	(p	>	0.05).	
	































































































change	 was	 for	 Firmicutes	 prevalence	 with	 Spring	 showing	 over	 double	 the	
prevalence	 compared	 to	 Autumn	 (Spring	 7.78%,	 Summer	 3.83	%,	Winter	 6.89	%,	
Autumn	3.00	%).	The	prevalence	of	the	dominant	Phyla	showed	no	obvious	pattern	
with	 some	 increasing	 in	 Winter	 and	 some	 greatest	 in	 Summer.	 Within	 the	















































































Investigating	 the	 weighted	 community	 difference	 due	 to	 changes	 in	 the	 relative	
taxon	abundance	using	ANOSIM	 revealed	 significant	difference	between	 site	 (R	 =	
0.3444,	p	=	0.001),	season	(R	=	0.1646,	p	=	0.028),	rainfall	(R	=	0.1646,	p	=	0.035)	and	
sunshine	hours	(R	=	0.1646,	p	=	0.023),	however	only	site	clustered	most	substantially	



































Studies	 investigating	 seasonal	 impacts	 on	ARB	 and	ARG,	 resulting	 from	 increased	
precipitation	 and	 consequent	 CSO	 spills,	 are	 underrepresented	 in	 the	 literature	
(Caucci,	2016b,	Dealtry	et	al.,	2014,	Knapp	et	al.,	2012,	Sui	et	al.,	2015).	Most	of	the	
published	 work	 investigating	WWTPs	 as	 a	 source	 of	 ARG	 and	 ARB	 pollution	 has	










blaCTX-M-1	 which	 correlated	 with	 the	 prevalence	 of	 E.	 coli	 and	 qnrS	 however	 no	
significant	differences	between	site	were	recorded	for	these	two	targets.	Although	
site	was	not	an	important	factor	in	determining	prevalence,	season	was	important	
with	 significantly	 higher	 numbers	 of	 E.	 coli	 and	 qnrS	 in	 Autumn/Winter	 months	
compared	to	Spring/Summer.	The	number	of	fluoroquinolone	antibiotics	detected		





to	 carriage	 of	 fluoroquinolone	 and	 3GC	 resistance	 conferring	 genes	 on	 MGEs,	































are	 in	 fact	more	 important.	WWTPs	do	not	monitor	the	release	of	antibiotics	and	
biocides	in	to	the	rivers,	consequently	they	are	frequently	detected	in	receiving	rivers	
and	will	induce	selective	effects	(Bengtsson-Palme,	2016,	DEFRA,	2012).	Further	to	








with	 correlations	 between	 these	 two	 genes	 also	 reported.	 Erythromycin	 and	
tetracycline	 resistance	 genes	 are	 often	 carried	 on	 broad	 host	 range	 conjugative	











Seasonal	 changes	 explained	prevalence	of	 tetM	 at	 site	 2.	 Tetracyclines	 are	highly	
stable	and	not	readily	metabolised	resulting	in	up	to	60	%	excreted	and	consequently	








































































2007,	 Suda	 et	 al.,	 2014,	 Sun	 et	 al.,	 2012,	 Lester	 et	 al.,	 2006,	 Trobos	 et	 al.,	 2009,	
Cremet	et	 al.,	 2012,	Karami	et	 al.,	 2007,	Goren	et	al.,	 2010,	Hu	et	al.,	 2016).	 The	
combination	of	increased	ARG	and	precipitation	in	the	Winter	months	(resulting	in	
CSO	release	of	raw	sewage)	will	result	in	higher	environmental	ARB	(Jalliffier-Verne,	
2016).	 Closer	 stewardship	 of	 prescription	 and	monitoring	 of	 storm	drains	 release	
should	therefore	be	performed	to	reduce	environmental	resistance.		
	
Community	 structure	 was	 remarkably	 similar	 in	 both	 sites	 and	 not	 significantly	
impacted	with	exception	of	the	elevated	Proteobacteria	prevalence	at	site	1.	 	The	






levels	 in	 river	 sediment	 varies	with	 season	 and	 site.	 Seasonal	 variation	 therefore	
must	 be	 considered	 in	 future	 sampling	 regimes	 which	 may	 currently	 under	 or	
overestimate	 resistant	 pathogens	 depending	 on	 sampling	 time.	 Previous	 studies	
monitoring	seasonal	change	due	to	WWTP	 impact	have	primarily	 focussed	on	the	




coli	within	 river	samples	are	pathogenic	sequence	 types	and	 that	 resuspension	of	
sediment	 in	 to	 river	 water	 increases	 total	 E.	 coli	 count	 by	 up	 to	 2	 log	measures	
(Garcia-Armisen	et	al.,	2014,	Muirhead	et	al.,	2004).	The	shifts	in	abundance	of	ARB	
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develop	 resistance	 to	 an	 extensive	 range	 of	 antibiotics	 and	 due	 to	 their	 highly	




has	 led	 to	an	accelerated	 level	of	 resistance	within	 this	 species	also	acquiring	 the	









important	 human	 pathotypes	 of	 E.	 coli	 are	 the	 opportunistic	 UPEC	 strains	 which	
cause	UTI	infections	and	have	become	increasingly	difficult	to	treat	due	to	plasmid	
acquired	AMR.	The	acquisition	of	AMR	and	increased	virulence	factors	within	E.	coli,	




are	 carried	 on	 phage,	 and	 enterohaemolysin	 (ehly)	 	 and	 catalase	 katP	 which	 are	
carried	on	a	~90	kb	plasmid	(Reid,	2000).	The	carriage	of	virulence	encoding	plasmids	













The	 aim	 was	 to	 investigate	 resistance	 and	 virulence	 profiles	 from	 potentially	
pathogenic	E.	coli	isolated	from	the	river	sediment	taken	seasonally.	Samples	were	
taken	at	the	same	time	points	specified	in	Chapter	5	from	the	river	Sowe	with	the	
aim	 to	 determine	 if	 population	 increased	 from	 seasonal	 variation	 resulted	 in	








































ingestion.	 Investigating	 the	 extent	 of	 AMR	 within	 potentially	 clinically	 important	
pathogens	will	improve	the	understanding	of	WWTP	effluent	impact	on	the	river	and	




























of	 antibiotics;	 b-lactam	 (ampicillin,	 cefotaxime	 and	 imipenem),	 tetracycline,	














Genome	 size	 of	 the	 77	E.	 coli	 isolates	 ranged	 from	 4400792	 to	 6098924	with	 an	
average	 of	 5096399	 bp.	 Rough	 assemblies	 were	 generated	 using	 the	 A5-miseq	
pipeline	and	were	carried	out	at	UTS.	The	number	of	contigs	for	each	rough	assembly	
ranged	from	55	to	1199	with	N50	ranging	from	10025	to	566858.	The	average	median	





Illumina	data.	The	pipeline	 involves	5	steps:	1)	 read	cleaning	 involving	 removal	of	
sequence	adapters	and	low-quality	regions	by	Trimmomatic	and	correction	of	errors	
using	SGA’s	algorithm;	2)	contig	assembly	 involving	paired	and	unpaired	reads	for	




the	 assemblies	 generated	 by	 the	 A5-pipline,	 phylogenetic	 analysis	 using	 the	
phylotyping	 method	 updated	 by	 Clermont	 et	 al.	 was	 performed	 to	 investigate	
evolutionally	 relationships	 based	 on	 phylogenetic	 inferences	 of	 strains	within	 the	
River	 Sowe	 (Clermont	 et	 al.,	 2013).	 Phylogrouping	 is	 based	on	 the	 screening	of	 4	
genes;	arpA	 (encodes	 a	Ankyrin-like	 regulatory	protein),	 chuA	 (encoding	an	outer	
membrane	haemoglobin	receptor),	yjaA	(conserved	protein	with	unknown	function)	
and	 TspE4.C2	 (encodes	 a	 putative	 lipase	 esterase	 gene),	 differential	
presence/absence	 of	 these	 genes	 defines	 the	 phylogroup	 to	which	 E.	 coli	 strains	















and	 pplacer	 to	 investigate	 phylogenetic	 relationships	 through	 analysis	 of	 protein	
coding	 and	 RNA	 sequences.	 It	 used	 37	 “elite”	 (nearly)	 universal	 single-copy	 gene	
families	representing	approximately	1	%	of	the	average	bacterial	genome	(Darling	et	
al.,	 2014).	 In	 addition	 to	 these	 37,	 16S	 and	 18S	 rRNA	 genes,	mitochondrial	 gene	
families,	Eukaryote-specific	gene	families	and	viral	gene	families	are	included	in	the	
Phylosift	 database	 (Darling	 et	 al.,	 2014).	 	 FastTree	 was	 used	 to	 generate	 the	
phylogenetic	 tree	 (Price,	 2010)(Figure	 6.1).	 FastTree	 generates	 trees	 based	 on	
	 207	






strains	 carrying	 blaCTX-M-1	 were	 isolated	 from	 the	 February	 2015	 and	 May	 2015	
sampling	(14	and	10	isolates	respectively)	with	2	isolates	from	July	2015	and	1	from	
December	2015.	No	blaCTX-M-1	carrying	strains	were	isolated	from	the	February	2016	
sampling	 time	 point.	 	 Cluster	 A,	 which	 consisted	 of	 the	 ST940	 strains	 clustered	
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To	 determine	 if	E.	 coli	 strains	 had	 the	 potential	 to	 transfer	 ARG,	 the	 plasmid	 Inc	
groups	were	 investigated	 to	determine	carriage	 in	 strains.	The	 IncF	 type	plasmids	








blaCTX-M-14	 (1	 isolate)	 and	 blaCTX-M-15	 (27	 isolates).	 These	 28	 strains	 were	 further	




































Strain	identifier	 Sequence	type	 O	type	 H	type	 Phylogroup	
29	 ST46	 O8	 H4	 A	
41	 ST1421	 O9	 H4	 A	
42	 ST940	 O9	 H5	 B1	
47	 ST38	 O1	 H15	 D	OR	E	
48	 ST131	 O25	 H4	 B2	
50	 ST3202	 O8	 H21	 A	
51	 ST940	 NO	HIT	 H5	 B1	
61	 ST131	 O25	 H4	 B2	
62	 ST1421	 O9	 H4	 A	
63	 ST1421	 O9	 H4	 A	
66	 ST131	 O25	 H4	 B2	
67	 ST940	 NO	HIT	 H5	 B1	
72	 ST940	 NO	HIT	 H5	 UNKNOWN	
75	 ST940	 NO	HIT	 H5	 B1	
77	 ST940	 NO	HIT	 H5	 B1	
78	 ST1421	 O9	 H4	 A	
79	 ST940	 NO	HIT	 H5	 B1	
87	 ST3202	 O8	 H21	 A	
89	 ST940	 NO	HIT	 H5	 B1	
92	 ST940	 NA	 H5	 B1	
95	 ST940	 NO	HIT	 H5	 B1	
96	 ST940	 NO	HIT	 H5	 B1	
98	 ST1421	 O68	 H4	 A	
99	 ST940	 NO	HIT	 H5	 B1	
101	 ST940	 NO	HIT	 H5	 B1	
109	 ST940	 NO	HIT	 H5	 B1	
140	 ST46	 O9	 H4	 A	
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































IncF	 type	 plasmids.	 100	 %	 of	 ESBL	 producing	 strains	 possessed	 IncFII	 and	 IncFIB	
(Figure	 6.4).	 Other	 plasmids	 frequently	 detected	 were	 IncHI1B	 and	 IncX.	 	 IncI	
plasmids	were	less	commonly	detected	than	expected	in	the	ESBL	producing	strains.	
A	 summary	 of	 MGEs	 carried	 by	 each	 strain	 can	 be	 found	 in	 Appendix	 3.	 BLAST	
searches	were	performed	to	identify	MGE	within	isolates.	100	%	of	isolates	carried	
IS26	and	the	intI1	and	intI2	genes	were	found	in	50	%	of	isolate	(Figure	6.4).	All	strains	
carried	one	 integrase	gene	which	was	either	 the	 intI1	or	 the	 intI2	with	no	strains	
identified	to	carry	both	types	of	integron.	ST940	and	the	closely	related	ST455	were	
responsible	 for	 the	high	prevalence	of	 the	 intI2	gene	 in	 the	 current	 study.	Genes	
associated	with	the	Tn6029	(strA,	strB,	sul2	and	aphA1)	were	detected	in	two	isolates	












ARG	 were	 investigated	 in	 the	 28	 strains	 carrying	 ESBL	 genes	 to	 determine	 ARG	
profiles	for	each	strain	sequenced.	All	strains	carried	multiple	resistance	genes	to	a	
variety	 antimicrobial	 classes	 including	 quinolone,	 macrolide,	 tetracycline,	

































was	 identified	 in	 21	 of	 the	 28	 isolates.	macB	 encodes	 an	 ATP	 binding	 cassette	






















blaCMY-63	 and	 blaCTX-M-99	 genes	 were	 identified.	 Within	 the	 blaoxa	 genes	 the	
predominant	gene	was	blaoxa-1,	a	narrow	spectrum	D-class	beta-lactamase	and	blaoxa-
31.	A	diverse	 range	of	blatem	genes	were	 found	 including	blatem-1,	blatem-22,	blatem-116,	
blatem-154	and	blatem-190.	All	isolates	carried	at	least	3	beta-lactamase	genes	with	some	
	 215	





ten	 that	 did	 not	 show	phenotypic	 resistance,	 eight	 carried	 genes	 associated	with	
















commonly	 detected	 amininoglycoside	 resistance	 genes	were	 strA	 and	 strB	which	
were	 identified	 in	 27	 isolates	 (Figure	6.6).	 Isolates	 carried	 at	 least	 three	different	
aminoglycoside	 resistance	 genes	 with	 a	 median	 value	 of	 eight	 aminoglycoside	
conferring	resistance	genes.	Four	strains	carried	ten	genes.	The	carriage	of	the	aac	








Trimethoprim	 resistance	 genes	 were	 found	 in	 27	 of	 the	 28	 isolates.	 The	 most	
prevalent	was	the	dfrA5	gene	which	was	found	in	50	%	of	isolates	followed	by	dfrA1	
which	was	 present	 in	 46	%	 of	 isolates.	 Additionally,	 dfrA14	 and	 dfrA17	 was	 also	
present	 in	 isolates	 (in	 25	 %	 and	 4	 %	 respectively).	 	 The	 only	 strain	 not	 to	 carry	





Bacitracin	 resistance	was	 identified	 in	27	of	 the	28	E.	coli	 isolates	and	novobiocin	
resistance	in	26	isolates.	All	strains	carried	multidrug	efflux	pumps	alongside	all	the	






























Ten	 key	 strains	were	 investigated	 for	 carriage	 of	 ARG	 and	MGEs	 (Table	 6.2)	 and	
showed	extensive	carriage	of	ARG	to	a	diverse	range	antibiotic	classes.	These	strains	
were	 chosen	 based	 on	 the	 resistance	 and	 virulence	 profiles	 exhibited.	 It	 is	 not	
possible	to	determine	which	plasmids	were	involved	in	the	carriage	of	ARG,	however	
the	 presence	 of	 the	 IncF	 plasmids	 in	 all	 but	 one	 strain	 (142,	 which	 displayed	 no	
plasmid	carriage)	suggests,	consistent	with	previous	observations,	that	this	group	of	
plasmids	is	likely	responsible	for	dissemination	of	the	blaCTX-M-15	gene.	Numerous	ARG	
were	 detected	 in	 strains	 conferring	 resistance	 to	 the	 same	 antibiotic	 class,	 for	
example,	up	to	six	different	genes	associated	with	aminoglycoside	resistance	were	













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































associated	 genes	 were	 found	 in	 eighteen	 strains.	 	 As	 well	 as	 additional	 stress	
response	genes,	71	%	of	strains	carried	merA	conferring	resistance	to	mercury	and	




Consistent	 with	 previous	 studies	 the	 blaCTX-M-15	 was	 associated	 with	 the	 ISEcp1	
genetic	element	(Partridge	et	al.,	2011a,	Zong	et	al.,	2015,	Tian	et	al.,	2011).	In	strains	
50,	 87	 and	 142	 an	 interrupted	 Tn2/3	 carrying	 blaCTX-M-15,	was	 associated	 with	 a	




















intI2 drfA1 sat2 aadA1 orfXIS26 ISEcp1 blactx-m-14 IS903D IS26
mobC drfA5 intI1 tnpMtnpA of	
IS6100
intI1 dfrA12
inti1 dfrA5 mobC tnpA of	
IS6100





the	 class	 2	 integron	 was	 found	 which	 carried	 the	 dfrA1,	 sat2	 and	 assfA1	 genes	
consistent	with	previous	reports	of	this	integron	(Figure	6.9).		
	















intI2 drfA1 sat2 aadA1 orfXIS26 ISEcp1 blactx-m-14 IS903D IS26
mobC drfA5 intI1 tnpMtnpA of	
IS6100
intI1 dfrA12
inti1 dfrA5 mobC tnpA of	
IS6100
inti1 dfrA1 ant(3’)-la qacE sul1
intI2 drfA1 sat2 aadA1 orfXIS26 ISEcp1 blactx-m-14 IS903D IS26
mobC drfA5 intI1 tnpMtnpA of	
IS6100
intI1 dfrA12
inti1 dfrA5 mobC tnpA of	
IS6100













































































































































E.	 coli	 identified	 as	 ST131	 was	 further	 investigated	 to	 determine	 comparative	
resistance	profiles	between	the	5	strains	identified	from	the	complete	77.	Strains	40	
and	102	did	not	carry	blaCTX-M	genes	(Figure	6.12).		As	expected	all	strains	carried	the	
mutated	gyrA	 conferring	 resistance	 to	quinolones	 and	 the	multidrug	 efflux	pump	










in	 an	 environmental	 bacteria	 is	 predominantly	 associated	 with	 clinical	 infections	
(Canton,	2012).	It	is	also	interesting	that	strains	carrying	these	ESBL	genes	also	carry	
additional	b-lactamases	(blaTEM-1		and	blaOXA-1)	providing	extensive	resistance	to	the		




















were	 also	 run	 showing	 high	 conservation.	 The	 number	 of	 LCBs	 for	 the	 alignment	











Figure	 6.13	MAUVE	 alignment	 between	 strain	 61	 identified	 as	 ST131	 and	 known	
ST131,	 JJ897.	High	 level	of	 conservation	 shown	between	 the	 reference	 strain	and	
strain	 61.	Multiple	 scaffolds	 unaligned	 on	 the	 right	 suggesting	 additional	 genetic	

































Progressive	 MAUVE	 alignments	 were	 also	 performed	 to	 compare	 ST940	 strains	
showing	a	high	level	of	conservation	between	strains	(Appendix	20).	72	was	excluded	
from	 the	 analysis	 due	 the	 high	 number	 of	 scaffolds	 generated	 during	 genome	


















TA	 systems	 are	 associated	 with	 numerous	 roles,	 not	 exclusively	 persister	 cell	
formation	which	has	only	recently	been	elucidated	(Page	and	Peti,	2016).	They	were	
first	 identified	 as	 meditating	 plasmid	 maintenance	 through	 post-segregationally	




























pathogens.	 The	 majority	 (72	 %)	 of	 isolates	 were	 recovered	 from	 antimicrobial	
containing	plates	showing	extensive	recovery	from	environmental	stresses.	The	28	%	
that	were	 isolated	 on	HiCA	 only	 one	 isolate	 showed	 no	 phenotypic	 antimicrobial	
resistance	 to	 any	 of	 the	 antimicrobials	 tested.	 Of	 the	 28	 %,	 25	 %	 presented	
phenotypic	to	seven	of	the	eight	antimicrobials	tested	and	21	%	presented	resistance	
to	six	of	the	eight	antimicrobials.	The	isolation	process	of	E.	coli	required	plating	to	
purity	 over	 five	 times,	 the	 extensive	 resistance	 exhibited	 by	 isolates	 from	 non-
antimicrobial	 selective	 plates	 suggests	 resistance	 mechanisms	 are	 not	 easily	 lost	
even	 in	 favourable	 conditions.	 The	viability	of	 these	potentially	pathogenic	E.	 coli	
isolates	 is	 particularly	 concerning	 and	 highlights	 the	 need	 for	 more	 efficient	




The	hylA	 toxin	was	 the	most	 frequently	 detected	 toxin.	 This	 toxin	 encodes	 an	a-
hemolysin	which	is	specific	to	ExPEC	pathotypes	and	an	important	toxin	in	human	
and	 other	 mammalian	 infections	 (Lai,	 2000).	 The	 increased	 serum	 survival	 (iss)	
virulence	gene	was	found	in	25	%	of	blaCTX-M	carrying	strains.	This	gene	is	involved	in	
resistance	to	extreme	acid	conditions	of	the	intestines,	enabling	survival	against	the	
complement	 system	 and	 resulting	 in	 kidney	 epithelium	 damage	 (Johnson	 et	 al.,	
2008).	Although	these	genes	are	also	associated	with	animal	infections	they	have	the	
capability	 to	cause	human	 infection	highlighting	 the	potential	 risk	associated	with	
these	 environmental	 isolates.	 All	 strains	 also	 carried	 genes	 related	 to	 copper	
translocation	(Vignaroli	et	al.,	2012).	The	cueO	gene	is	a	chromosomal	encoded	gene	
whereas	copA	is	plasmid-borne.	Both	function	as	copper	oxidases	and	are	involved	
in	 copper	 translocation	 and	 may	 be	 involved	 in	 protection	 against	 host	 copper	






in	 surface	 water	 impacted	 by	 wastewater.	 This	may	 be	 because	 STEC	 are	 a	 rare	
phenomenon	but	 is	possibly	a	result	of	 the	 isolation	technique	used	(Hebbelstrup	
Jensen	et	al.,	2014).	The	method	used	to	culture	E.	coli	is	based	on	ability	to	produce	










these	 carrying	blaCTX-M	genes,	 two	blaCTX-M-15	and	 one	blaCTX-M-14.	 	 O25:H4	 ST131	 is	
considered	a	highly	virulent	human	pandemic	strain	responsible	for	the	widespread	
dissemination	of	blaCTX-M-15	and	is	commonly	associated	with	ciprofloxacin	resistance	
(Woodford	 et	 al.,	 2009,	 Can	 et	 al.,	 2015).	 It	 is	 the	 predominant	 ST	 among	 ExPEC	
(Nicolas-Chanoine	 et	 al.,	 2014).	 Human	 commensal	 carriage	 of	 ST131	 remains	
unknown	but	has	been	found	in	healthy	individuals	from	China	that	between	7-51	%	





and	 exist	 in	 pathogenic	 backgrounds	which	 are	 able	 to	 cause	 infections	 (Nicolas-
Chanoine	et	al.,	2014).	In	Europe,	one	study	reported	commensal	carriage	at	40.5	%	
in	 a	 care	 home	 in	 Belfast	 which	 although	 is	 consistent	with	 the	 studies	 in	 China	
presents	an	unrealistic	estimate	for	the	entire	population	where	resistance	is	not	as	
disseminated	in	Europe	compared	to	Asian	countries,	however	it	highlights	the	high	












Inconsistent	 with	 the	 study	 by	 Amos	 et	 al	 the	 ST	 type	 ST131	 was	 not	 the	 most	
dominant	ST	type	in	the	current	study.	Instead	the	ST940	was	the	dominant	ST	type.	
There	have	been	no	 studies	 investigating	 the	 importance	of	 ST940,	with	 the	only	
study	mentioning	prevalence	which	was	coincidently	the	same	study	conducted	by	
Amos	 et	 al	 (which	 investigated	 sites	 near	 the	 Finham	 WWTP)	 suggesting	 a	
persistent/recurrent	ST	in	the	River	Sowe	sediment	most	likely	as	a	consequence	of	
the	Finham	WWTP	effluent.	The	Finham	WWTP	is	a	tertiary	treatment	WWTP	which	
is	 the	most	 effective	 type	 of	wastewater	 treatment.	 The	 high	 counts	 of	E.	 coli	 in	

















blaCTX-M	 associated	 with	 UTI	 infections	 further	 highlighting	 the	 importance	 of	
isolating	this	ST	type	from	the	river	sediment	(Chattaway	MA,	2014).	
Consistent	 with	 previous	 studies	 investigating	 E.	 coli	 isolated	 from	 non-host	
environments,	the	dominant	phylogroups	associated	with	AMR	E.	coli	in	the	current	
study	were	B1	and	A	(Meric	et	al.,	2013,	Walk	et	al.,	2007),	inconsistent	however	was	











carry	 any	 plasmids,	 however	 the	 majority	 carried	 at	 least	 two	 with	 the	 highest	
number	 found	 in	one	strain	being	 four.	Strain	36	carried	 IncHI1A,	 IncX4,	 IncR	and	
IncA/C	 and	 strain	 42	 carried	 IncF,	 IncI1,	 IncHIB	 and	 IncX1	 plasmids.	 Typically,	 the	
carriage	of	multiple	plasmids	within	one	strain	is	limited	to	two	or	three	plasmids,	
but	 the	 strains	 identified	 in	 the	 current	 study	 demonstrated	 a	 large	 diversity	 of	
plasmids	within	 single	 strains	 (Carattoli,	2009).	 	All	 strains	were	 reported	 to	carry	
multiple	IS	and	Tn	suggesting	a	highly	mobilisable	resistome.	Although,	the	rate	of	
transfer	from	indigenous	sediment	communities	 is	unknown,	 it	 is	evident	that	the	











a	 possible	 hotspot	 for	 gene	 movement	 and	 rearrangement.	 WWTPs	 have	 been	
suggested	 to	 promote	HGT	 due	 to	 the	 selective	 pressures	 from	 collective	wastes	
from	hospitals,	 households	 and	 animal	 production	 farms	often	 carrying	 antibiotic	





as	a	direct	consequence	of	high	selective	pressures	within	 the	 treatment	plant.	 It	
carries	 resistance	 to	 sulphonamides,	 streptomycin,	 ampicillin	 and	 cefotaxime	
allowing	selection	of	all	 these	resistances	on	one	MGE	and	 links	 the	Tn2/3	hybrid	
MGE	carrying	ISEcp1-blaCTX-M-15-orf477D	with	sul1,	strA	and	strB.		
	
It	 could	 not	 be	 conclusively	 determined	 if	 the	 Tn6029	was	 present	 in	 the	 E.	 coli	
isolates	 due	 to	 the	 sequence	 breaks	 resulting	 from	 the	 repetitive	 IS26	 element.	






et	 al.,	 2015).	 They	 have	 been	 identified	 on	 a	 variety	 of	 different	 plasmid	
incompatibility	groups	 including	 IncI,	 IncH,	 IncZ	and	 IncF	and	often	 found	 in	close	







































































transfer.	 The	 abundance	 of	 this	 particular	 plasmid	 group	 is	 likely	 underestimated	



















2015).	Although	 the	mobilisable	mcr-1	was	not	 found	 in	 this	 current	 study,	many	
other	polymyxin	genes	were	discovered	with	82	%	of	strains	resistance	to	3GC	also	
carried	at	least	one	gene	conferring	polymyxin	resistance.	The	pmrA	and	pmrB	genes	
were	 the	 most	 prevalent	 and	 are	 involved	 in	 the	 modification	 of	 lipid	 A	 with	
aminoarabinose	 and	 phosphoethanolamine	 which	 in	 turn	 confers	 resistance	 to	
polymyxin	 B.	 The	 precise	 mechanisms	 behind	 polymyxin	 B	 action	 are	 not	 fully	
understood	but	is	thought	to	involve	the	interaction	between	the	anionic	surfaces	of	








gene	was	 found	 in	10	of	 the	28	ESBL	producing	 strains	possibly	as	a	 result	of	 co-
carriage	on	plasmids	(O'Brien	et	al.,	2015,	Garcia-Solache	and	Rice,	2016)	which	may	
have	been	selected	for	in	the	WWTP	process	(Amos	et	al.,	2014).		
Aminoglycoside	 antibiotics	 have	 broad	 spectrum	 and	 potent	 bactericidal	 activity.	
Historically	they	have	been	underused	in	the	clinic	due	to	their	toxicity	levels	but	due	
to	 the	 imminent	 post-antibiotic	 era	 the	 interest	 in	 use	 of	 these	 antibiotics	 is	
remerging	 (Ramirez	 and	 Tolmasky,	 2010).	 In	 the	 current	 study	 multiple	
aminoglycoside	 genes	 were	 found	 in	 the	 28	 ESBL	 producing	 strains	 which	 is	






The	 b-lactamase	 genes	 are	 arguably	 the	 most	 well-studied	 ARGs	 due	 to	 the	
worldwide	use	of	the	b-lactam	antibiotics	(Canton,	2012).	The	class	A	b-lactamases	
conferring	resistance	to	3GCs	such	as	cefotaxime,	ceftazidime	and	ceftriaxone	are	
considered	an	urgent	public	health	 threat	by	 the	Centres	 for	Disease	Control	and	
Prevention	 (CDC)	 .	 Particular	 ESBLs	 found	 in	 this	 study	 include	blaTEM,	 blaSHV,	 and	
blaCTX-M.		 In	addition	to	the	blaCTX-M	gene,	100	%	of	strains	carried	additional	beta-
lactamases,	the	most	prevalent	of	these	being	blaCRP	and	blaTEM	which	were	present	
in	the	26	of	 the	28	blaCTX-M-15	carrying	strains.	This	high	 level	of	beta-lactamase	 in	
river	sediment	is	not	surprising	and	previous	reports	have	consistently	found	these	




Multidrug-resistance	 conferring	 efflux	 pumps	 pose	 a	 significant	 threat	 to	 the	




transporter	 system	 and	 represents	 an	 important	 target	 for	 new	 developmental	
compounds.	This	system	was	detected	in	the	majority	of	the	isolates	so	far	(100	%	











strains	 carried	 persistence	 related	 genes	 which	 may	 in	 part	 explain	 why	 it	 was	
possible	 to	 isolate	 viable	multidrug-resistant	E.	 coli	 from	 the	 river	 sediment.	 It	 is	
currently	unknown	if	E.	coli	is	active	in	the	environment	but	the	presence	of	these	
genes	presumably	allows	them	to	remain	in	a	dormant-like	state.		
Although	 it	 cannot	be	determined	 for	 certain	where	 these	potentially	pathogenic	
strains	originated	 from,	 it	 is	evident	 that	 the	 river	sediment	provides	a	significant	
reservoir	of	potentially	virulent,	multidrug-resistant,	persistent	E.	coli.	Many	of	the	
strains	 carrying	 the	blaCTX-M-15	gene	 conferring	 resistance	 to	 3GCs	 also	 carry	 large	
numbers	 of	 virulence	 genes,	 additional	 ARG	 and	persistence	 related	 genes	which	






the	potential	 to	 cause	 infection.	 The	 isolation	of	multidrug	 resistant	 ST131,	 ST69,	
ST38	and	ST73	is	concerning	due	to	their	association	with	UTI	infections	(Alghoribi	et	
al.,	2015,	Wiles	et	al.,	2008,	Hertz	et	al.,	2016).	
Environmental	 surveillance	 is	 therefore	 important	 considering	 the	 wide	 array	 of	





in	 the	 dissemination	 of	 resistance.	 Consequently,	 these	 genes	 were	 chosen	 for	






























AMR	 infections	 (O'Neill,	2016).	There	 is	an	urgent	 requirement	 to	understand	the	








ARB	 in	 the	 environment.	 The	mixing	 of	 large	 numbers	 of	 bacteria	with	 potential	
selective	 agents	 has	 resulted	 in	 WWTPs	 being	 referred	 to	 as	 HGT	 “hotspots”.	
Previous	work	in	our	lab	has	demonstrated	that	WWTPs	are	important	reservoirs	of	
clinically	relevant	ARG	contributing	to	the	dissemination	of	the	blaCTX-M-15	gene	(Amos	




ARB	as	well	 as	 investigate	ARB	diversity	 through	culture	and	culture	 independent	
methods.	
	












resistance	and	qacE	 for	biocide	 resistance)	were	not	primarily	 responsible	 for	 the	
AMR	observed	and	therefore	the	observed	phenotypic	resistance	was	attributed	to	
other	 unknown	 mechanisms.	 The	 use	 of	 culture	 based	 techniques	 relying	 on	
phenotypic	resistance	is	limited	by	this	as	it	cannot	be	determined	which	genes	are	
responsible	 for	 resistance,	 however,	 the	 diversity	 of	 bacteria	 highlights	 the	




















whether	Pseudomonas	spp.	carried	ARG	or	 if	phenotypic	 resistance	was	 instead	a	
protective	property	(Pritt	et	al.,	2007,	Owlia,	2014).	The	ability	to	grow	on	antibiotic	
containing	plates	 is	 of	 interest	 and	 relevance	 considering	 the	 level	 in	 the	 current	










As	 part	 of	 the	 current	 study	 it	was	 hypothesised	 that	 increased	 prescription	 and	
rainfall	 in	 the	Winter	 months	 would	 drive	 selection	 of	 ARG	 in	 the	 environment,	
therefore	one	of	the	aims	was	to	evaluate	temporal	effects	on	river	sediment	at	sites	
impacted	by	CSO	release	events	and	WWTP	effluent.	The	changes	in	ARG	and	ARB	
abundance	with	 season	were	 consistent	with	 previous	 studies	 reporting	 a	 higher	
abundance	 in	 the	Autumn/Winter	months	 and	 a	 higher	 prevalence	 of	E.	 coli	and	
blaCTX-M-1	at	 the	site	 impacted	by	CSO	release	events	 (Garcia-Armisen	et	al.,	2014,	
Caucci,	2016b).	The	higher	number	of	E.	coli	detected	in	Autumn/Winter	may	be	due	
to	 of	 large	 volumes	 of	 untreated	 human	 waste	 entering	 the	 river	 via	 the	 CSO.	
Although	 it	cannot	be	conclusively	determined	 if	spikes	 in	E.	coli	abundance	are	a	
direct	result	of	CSO	release	events	due	to	the	unmonitored	amount	of	release	events	
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that	 spills	 can	only	 take	place	when	 the	 flow	 to	 the	 treatment	exceeds	 the	 “pass	
forward	 flow”	which	 is	defined	as	 the	 volume	of	water	 that	must	proceed	 to	 full	










hours	 counts	 as	 one	 spill	 (EA,	 2014).	 There	 are	 no	 guidelines	 stating	 how	much	
untreated	wastewater	 can	 be	 released,	 only	 that	 the	 number	 of	 spills	 should	 be	
recorded.	Clearly,	the	number	of	spills	is	not	always	monitored	however	so	unknown	
quantities	are	released	in	the	river	at	an	unknown	frequency	(Robert	Huxham,	Severn	









al.,	 2015).	 The	 widespread	 distribution	 of	 intI1	 was	 investigated	 in	 a	 number	 of	
studies	and	was	detected	at	high	levels	in	all	river	samples	in	the	current	study	(Table	
5.3).	Integrons	may	be	marker	of	anthropogenic	inputs	but	using	them	to	precisely	




intI1	 in	 pristine	 environments	 could	 be	 found,	 therefore	 evaluating	 the	 extent	 of	
anthropogenic	contamination	based	solely	on	this	gene	cannot	be	determined	(Table	





2015).	 Furthermore,	 intI1	 prevalence	 did	 not	 show	 any	 variation	 with	 seasonal	
effects	contrasting	to	other	ARG	targets	and	the	class	2	integrons	integrase	gene	was	
found	within	equal	numbers	of	 ESBL	producing	 strains	 in	Chapter	6	with	50	%	of	
strains	carrying	intI1	and	50	%	carrying	the	intI2	gene.	Although	class	1	integrons	are	
primarily	associated	with	clinical	infections	the	fact	that	they	were	detected	at	the	
same	 frequency	 as	 class	 2	 integrons	 (which	 have	 previously	 been	 found	 at	
comparatively	 low	abundances	 in	 clinical	 and	environmental	 strains)	 suggests	 the	
class	 2	 integron	may	 be	 an	 under	 represented	marker	 of	 resistance	 and	may	 be	
equally	important	in	disseminating	resistance	in	the	environment	and	clinic	(Deng	et	
al.,	 2015,	 Ramirez	 et	 al.,	 2010,	Mirnejad	 et	 al.,	 2013,	 Stange	 et	 al.,	 2016).	 It	 also	
suggests	that	rather	than	using	the	intI1	gene	as	a	marker	of	pollution	and	predictor	
of	 resistance,	 key	 AMR	 should	 instead	 be	monitored	 to	 represent	 the	 important	
clinical	classes	of	antibiotics	still	used	in	the	treatment	of	human	infection	or	if	clinical	
class	1	integrons	are	of	interest	then	primers	designed	to	capture	the	3’	conserved	





Berendonk	 et	 al.	 set	 out	 key	 ARG	 targets	 that	 should	 be	 monitored	 in	 the	




strains	 in	 Chapter	 6	 where	 tetA	 and	 ereA	 were	 detected	 suggesting	 a	 lack	 of	
importance	in	these	clinically	important	strains.	Of	course,	it	cannot	be	concluded	if	
erythromycin	 and	 tetracycline	 resistance	 genes	 were	 not	 present	 in	 the	
environments	tested,	but	given	the	extensive	use	of	these	antibiotics	in	veterinary	
medicine	 and	 aquaculture	 combined	 with	 the	 frequent	 detection	 of	 tetracycline	
antibiotics	 in	the	environment,	resistance	was	expected	 	 (Chantziaras	et	al.,	2013,	
Harnisz	et	al.,	2015,	Qiao	M,	2012,	Sarmah	et	al.,	2006,	Singer	et	al.,	2014).		Many	tet	
genes	 were	 sequenced	 from	 the	 E.	 coli	 carrying	 blaCTX-M-14/15	 isolates	 suggesting	
clinical	 relevance	 of	 tetracycline	 resistance	 is	 not	 related	 to	 tetM	 and	 that	more	
suitable	 targets	 to	 evaluate	 clinically	 important	 ARG	 dissemination	 in	 the	
environment	should	include	tetA	(to	monitor	tetracycline	resistance)	and	macB	(for	
erythromycin	 resistance).	 Previous	 studies	 have	 demonstrated	 these	 genes	 are	
present	in	the	environment	with	metagenomic	studies	showing	higher	levels	of	tetA	
in	soils	and	sediments	than	tetM	(Li	et	al.,	2015b).	Although	tetA	and	macB	may	be	
more	 important	 in	 the	 dissemination	 of	 resistance	 within	 clinically	 important	
bacteria,	the	choice	to	monitor	only	a	select	few	genes	clearly	won’t	work	with	the	






of	 exotic	E.	 coli	 found	 in	 the	 river	 sediment	 and	 allowed	 an	 insight	 in	 to	 the	 full	
genomic	 potential	 of	 strains	 to	 characterise	 isolates	 based	 on	 resistance	 and	
virulence	profiles	(Dahms	et	al.,	2015).	It	was	previously	reported	that	13	%	of	E.	coli	






pathogenic	 STs	 is	 obvious	 therefore	 it	was	 expected	 that	most	E.	 coli	 isolated	on	









importance	 in	 the	 dissemination	 of	 3GC	 resistance	 is	 currently	 unknown.	 The	
majority	(92	%)	carried	the	K99	fimbriae	virulence	determinant	which	is	associated	
with	 animal	 ETEC	 infection	 suggesting	 animal	origin.	 ST940	may	 therefore	have	a	
significant	role	in	disseminating	blaCTX-M-15	within	animals	and	may	present	a	risk	in	
the	food	chain	(Kaper	et	al.,	2004).	Other	important	ST	types	isolated	from	the	river	












and	 no	 doubt	 contributes	 to	 the	 environmental	 pathotypes	 recovered	 from	 the	
sediment	 in	 the	 current	 study	 (Dhanji,	 2011,	 Can	 et	 al.,	 2015).	 The	 first	 line	 of	
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treatment	 is	 normally	 trimethoprim	 and	 sulphamethoxazole,	 if	 this	 fails	 then	
nitrofurantoin	and	 cephalexin	are	prescribed	and	as	a	 last	 resort,	quinolones	and	













strains	 were	 detected	 in	 the	 current	 study,	 resistance	 to	most	 clinically	 relevant	




accelerated	 resistance	 dissemination	 of	 primarily	 blaNMD-1	 and	 blaOXA-48	 genes	
however,	 this	 study	 concludes	 that	 carbapenems	 are	 still	 effective	 against	 the	
majority	of	E.	coli	infections	that	could	result	from	environmental	exposure.		
	
The	 blaCTX-M-14	 gene	 was	 present	 in	 one	 E.	 coli	 isolate	 and	 is	 the	 second	 most	
prevalent	 blaCTX-M	 gene	 worldwide.	 It	 is	 predominantly	 associated	 with	 human	
infection	and	 is	 the	primary	ESBL	 in	Spain	and	China	but	has	been	detected	more	
frequently	in	animals	than	humans	in	the	UK	with	approximately	only	10	%	of	UK	E.	
coli	isolates	from	clinical	infections	carry	blaCTX-M-14	(Tyrrell	et	al.,	2016,	Hawkey	and	
Jones,	 2009,	 Carattoli	 et	 al.,	 2005).	 Consistent	 with	 most	 reports	 in	 the	 UK,	 the	
current	 study	 found	 the	 most	 prevalent	 ESBL	 was	 the	 blaCTX-M-15	 gene	 clearly	
supporting	the	UK	trends	of	3GC	resistance	gene	dissemination.	The	ESBL	genes	have	
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been	 increasing	 in	 prevalence	 over	 the	 last	 20	 years	 with	 increasing	 studies	
demonstrating	up	to	65	%	carriage	in	faecal	samples	in	South	East	Asian	communities	
(Woerther	et	al.,	2013).	The	dissemination	of	genes	conferring	3GC	resistance	are	
most	 widespread	 in	 developing	 countries	 but	 have	 been	 detected	 worldwide	







is	 not	 possible	 to	 elucidate	which	 plasmids	 carried	 these	 ESBL	 genes	 	 (Perry	 and	
Wright,	 2013,	 Dhanji	 et	 al.,	 2012,	 Yang	 et	 al.,	 2015,	 Dhanji,	 2011).	 All	 strains	
characterised	as	ESBL-producing	strains	carried	IncF	plasmids	and	therefore	are	likely	
to	 be	 responsible	 for	 gene	 presence.	 The	 global	 dissemination	 of	 blaCTX-M-15	 has	
previously	 been	 attributed	 to	 the	 association	 with	 ISEcp1	which	 has	 resulted	 in	
mobilisation	on	to	IncF	plasmids.	It	was	therefore	expected	that	the	blaCTX-M-15	genes	






arise	 due	 to	 repetitive	 stretches	 of	 DNA,	 	 (often	 in	multiple	 copies)	 which	make	
assemblies	 difficult	 and	 sometimes	 unreliable	 (Forde	 et	 al.,	 2014,	 Salzberg	 et	 al.,	
2012,	Nagarajan,	2010,	Kingsford	et	al.,	2010).	This	is	particularly	problematic	when	
trying	to	 investigate	plasmid	gene	carriage	because	numerous	repetitive	elements	
including	 IS	and	 transposons	 result	 in	 sequencing	breaks	producing	many	contigs.	
The	 strains	 identified	 in	 the	 current	 study	 in	 Chapter	 6	 carried	multiple	 plasmids	
(some	as	many	as	4)	and	therefore	identifying	gene	carriage	on	specific	plasmids	was	
not	 possible.	 To	 determine	 the	 plasmid	 associated	 with	 specific	 ARG	 carriage,	
transfer	 experiments	 should	 be	 carried	 out,	 although	 this	 is	 still	 limited	 by	 the	
	 249	





combined	 with	 the	 high	 frequency	 of	 plasmids	 suggests	 a	 highly	 mobilisable	
resistome	with	these	viable,	potentially	pathogenic	E.	coli.	Previous	work	in	our	lab	
has	 demonstrated	 that	 isolates	 from	 the	 same	 sites	 show	 transferable	 antibiotic	
resistance,	 with	 blaCTX-M-15	 shown	 to	 transfer	 from	 environmental	 isolates	 to	 a	
mutated	lab	strains	of	E.	coli	with	frequencies	ranging	from	10-4	to	10-6	(Amos	et	al.,	





Individual	 strain	 analysis	 has	 provided	 useful	 information	 for	 potential	 of	





of	 opportunistic	 pathogens	 recovered	 suggests	 a	 high	 commensal	 carriage	 in	 the	
community	served	by	the	Finham	WWTP.	There	are	only	a	limited	number	of	studies	
that	have	 investigated	the	commensal	carriage	of	opportunistic	pathogenic	E.	coli	
but	 figures	 suggest	 ~	60	%	of	healthy	 individuals	 carry	potentially	pathogenic	 STs	
highlighting	the	potential	for	infection	from	commensal	carriage	(Rooney	et	al.,	2009,	
Zhong	et	al.,	2015,	Leflon-Guibout	et	al.,	2008).	Although	infection	from	E.	coli	most	







movement	 of	 genes	 between	 potential	 pathogens	 and	 commensals	 within	 the	
human	gut	(Karami	et	al.,	2007,	Trobos	et	al.,	2009).	One	study	demonstrated	that	
the	gut	microbiota	 can	harbour	up	 to	53	different	ARG	highlighting	 the	extensive	
carriage	of	 resistance	and	vast	potential	 for	HGT	 in	 the	human	gut	 (Ghosh	et	 al.,	
2013).	The	potential	for	HGT	is	something	that	needs	to	be	addressed	both	in	the	
human	gut	and	in	the	environment	with	studies	of	the	plasmidome.	Investigating	the	







field	 of	 research.	 Currently	 however,	 the	 technique	 requires	 considerable	
optimisation	as	recent	papers	have	reported	that	large	plasmids	and	linear	plasmids	
(which	may	play	 important	roles	 in	Gram-negative	pathogens)	were	omitted	from	
plasmid	 specific	 extraction	 (Dib	 et	 al.,	 2015,	 Szczepanowski	 et	 al.,	 2009,	 Li	 et	 al.,	
2015a,	 Zhang	 et	 al.,	 2011).	 Large	 plasmids	 (over	 150	 kb)	 cannot	 be	 purified	 and	
plasmids	 around	 45-50	 kb	 are	 not	 readily	 eluted	 (Li	 et	 al.,	 2015a).	 Therefore	 the	








study	 by	 Forsberg	 et	 al.	 reported	 that	 HGT	 does	 not	 occur	 at	 high	 levels	 in	 the	
environment	 and	 instead	 phylogeny	 is	 more	 important	 in	 the	 spread	 of	
environmental	resistance	(D'Costa	et	al.,	2011,	Forsberg	et	al.,	2014).	Of	course,	the	






carry	 multiple	 plasmids	 which	 will	 accelerate	 gene	 exchange	 between	 these	
mobilisable	 elements	 via	 transposons	 which	 allow	 intra-	 and	 inter-	 species	
movement	of	 genes	 therefore	 allowing	 gene	movement	between	plasmids	 in	 the	













and	 are	 particularly	 prevalent	 in	 WWTPs	 which	 has	 resulted	 in	 a	 recent	 study	
reporting	BRG	and	MRG	 levels	of	30-300	 times	more	 than	ARG	 in	WWTP	 influent	
(Bengtsson-Palme,	2016).		Although	BRG	are	reported	to	be	substantially	higher	than	
ARG	in	the	WWTP	process,	the	carriage	of	BRG	and	ARG	is	commonly	associated	on	
the	 same	MGE	 which	 would	 result	 in	 selection	 of	 BRG/MRG	 from	 biocide/metal	
selective	pressures	and	consequently	 select	 for	ARG	 (Deng	et	al.,	2015,	Pal	et	al.,	
2015).	No	studies	could	be	found	investigating	the	occurrence	of	co-selective	events	







pressures	 will	 occur	 and	 the	 cumulative	 effects	 of	 these	 pressure	 are	 evidently	















the	 current	 study.	 The	 risk	 of	 colonisation	 will	 vary	 with	 each	 person	 based	 on	










likelihood	 of	 human	 contact	 at	 a	 contaminated	 site.	 The	 risk	 of	 ARB	 in	 the	




via	 zoonotic	 transmission	 to	humans	 (Verraes	et	 al.,	 2013,	McEwen	and	Fedorka-
Cray,	2002,	Dahms	et	al.,	2015,	Guardabassi	et	al.,	2004).	The	likelihood	of	animals	
being	colonised	by	pathogenic	ARB	from	the	river	is	inevitably	higher	than	the	risk	of	
human	colonisation	due	to	drinking	of	water	 from	rivers.	 It	will	be	 important	and	
useful	 to	 understand	 the	 exact	 relationship	 between	 prevalence,	 abundance	 and	
transmission	to	establish	risk	presented	by	environmental	ARB	and	although	this	is	
difficult	to	study	it	is	very	important	to	understand	the	transmission	routes	to	fully	
understand	 the	 risk.	 	As	 an	 initial	 study	 faecal	 samples	 from	animals	near	WWTP	
effluent	and	CSO	spill-polluted	rivers	should	be	tested	for	ARG	to	determine	whether	
this	presents	a	viable	route	of	transmission	from	river	to	animal	and	then	further	to	












consumption	 of	 food	 contaminated	 from	 water	 irrigation	 sources.	 For	 example	






Most	 reports	present	prevalence	 (ARG	relative	 to	16S	count)	as	a	measure	of	 the	
resistome	however	the	work	presented	here	suggests	that	abundance		(absolute	ARG	
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count)	 is	 likely	more	 important	 in	 determining	 the	overall	 risk	 (Gaze	 et	 al.,	 2011,	
Byrne-Bailey	 et	 al.,	 2011).	 Investigations	 attempting	 to	 evaluate	 the	 river	 as	 a	












abundance	 should	 be	 used	 for	 comparisons	 to	 provide	 a	 better	 indication	 of	
environmental	 contamination.	 Not	 all	 indigenous	 bacteria	 will	 carry	 ARG	 and	
therefore	environmental	ARG	levels	will	be	more	attributed	to	a	subpopulation	of	
exotic	 species.	 Measuring	 ARG	 prevalence	 with	 respect	 to	 the	 total	 bacterial	
communities	does	not	provide	any	insight	to	what	is	occurring	in	the	environment	
and	is	a	misleading	way	of	presenting	ARG	contamination	as	 it	suggests	a	random	
percent	 of	 the	 total	 community	 will	 carry	 ARG	 whereas	 it	 is	 in	 fact	 only	 a	
subpopulation	that	are	likely	to	carry	these	genes.	
	
In	 the	 current	 study	 high	 levels	 of	 viable	 ARB	 were	 reported	 in	 all	 samples.	






















but	 the	 stresses	 induced	 in	 the	WWTP	 process	 suggest	 they	 are	 likely	 to	 occur.	
Investigations	 in	 to	 persister	 occurrence	 should	 determine	 if	 possession	 of	 TA	
systems	contributes	in	the	environment.	This	will	determine	whether	persistence	is	






and	 resistance.	 It	 is	 evident	 that	 WWTPs	 contribute	 to	 the	 environmental	
contamination	 of	 river	 systems	 which	 consequently	 can	 be	 detected	 8	 km	
downstream	of	effluent	release.	For	all	gene	targets	(except	ermF)	WWTP	effluent	
contributed	to	the	prevalence	of	genes	detected	at	the	sampling	site	as	well	as	the	
surrounding	 agricultural	 impact.	 This	 study	 concludes	 that	 the	 intI1	 gene	 is	 not	 a	
suitable	predictor	of	3GC-resistant	bacteria	and	was	 found	at	 substantially	higher	
numbers	 contrasting	 to	 all	 other	 gene	 targets.	 The	 current	 study	 suggests	 the	
wastewater	 treatment	 process	 should	 be	 more	 efficient	 in	 removing	 ARB	 and	
selective	 (antibiotics)	 and	 non-selective	 agents	 (metals	 and	 biocides)	 from	 the	
effluent	and	highlights	the	damaging	effects	of	CSO	release	events	highlighting	the	
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different	 treatment	 plants	 using	 different	 levels	 of	 wastewater	 treatment	 (i.e	
primary	 and	 secondary),	 different	 population	 sizes	 served	 and	 different	 locations	
(such	as	agricultural	regions).	These	factors	are	all	assumed	to	influence	levels	of	ARG	
and	 ARB,	 with	 some	 studies	 demonstrating	 differences	 in	 gene	 prevalence	 with	
different	 treatment	 plants	 however	 there	 are	 few	 comparative	 studies	 that	




season,	 which	 may	 predominate	 changes	 in	 river	 sediment	 populations.	 Other	
studies	have	previously	shown	variable	OTU	number	based	on	the	type	of	treatment	



















year	 predicted	 by	 the	 recent	 report	 on	 AMR	 are	 to	 be	 prevented	 then	 novel	




























































4	 ST1286	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
25	 Unknown	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
26	 ST453	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
27	 ST3727	 Yes	 No	 No	 No	 No	 Yes	 No	 No	
28	 Unknown	 No	 No	 No	 No	 No	 Yes	 Yes	 No	
29	 ST46	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
30	 ST212	 Yes	 No	 No	 Yes	 No	 Yes	 Yes	 Yes	
31	 ST4105	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
32	 ST162	 Yes	 No	 No	 No	 No	 Yes	 Yes	 Yes	
33	 ST3576	 No	 No	 No	 No	 No	 No	 No	 No	
34	 ST295	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 No	
35	 ST1431	 Yes	 No	 No	 Yes	 No	 Yes	 Yes	 Yes	
36	 ST607	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
37	 ST69	 Yes	 No	 No	 Yes	 No	 Yes	 Yes	 Yes	
38	 ST399	 No	 No	 No	 No	 No	 Yes	 No	 No	
39	 ST399	 No	 No	 No	 No	 No	 Yes	 No	 No	
40	 ST131	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
41	 ST1421	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
42	 ST455	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 No	
47	 ST38	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
48	 ST131	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
50	 ST3202	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
51	 ST940	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
59	 ST607	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
60	 ST4105	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
61	 ST131	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
62	 ST1421	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
63	 ST1421	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
64	 ST3202	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
65	 ST1421	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
66	 ST131	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
67	 ST940	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
70	 ST154	 Yes	 No	 No	 No	 Yes	 Yes	 No	 Yes	
71	 ST716	 Yes	 No	 No	 No	 No	 Yes	 Yes	 Yes	
72	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
75	 ST940	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
76	 ST58	 No	 No	 No	 Yes	 No	 Yes	 Yes	 Yes	
77	 ST940	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
78	 ST1421	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
79	 ST940	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 Yes	
80	 ST1421	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
81	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
85	 ST69	 No	 No	 No	 Yes	 No	 Yes	 Yes	 No	
86	 ST3568	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
87	 SST3202	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
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89	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
92	 ST940	 Yes	 No	 No	 Yes	 No	 Yes	 Yes	 Yes	
95	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
96	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
98	 ST1421	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
99	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
101	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
102	 ST131	 Yes	 No	 No	 No	 No	 Yes	 Yes	 Yes	
103	 ST3202	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
104	 ST155	 Yes	 Yes	 No	 Yes	 No	 Yes	 Yes	 No	
106	 Unknown	 Yes	 Yes	 No	 No	 Yes	 Yes	 Yes	 No	
109	 ST940	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
112	 Unknown	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 No	 Yes	
115	 ST80	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
117	 ST3747	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
119	 ST10	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
120	 ST5128	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
121	 ST46	 Yes	 Yes	 No	 No	 ny	 Yes	 Yes	 No	
122	 ST46	 Yes	 Yes	 No	 No	 Yes	 Yes	 Yes	 No	
123	 ST46	 Yes	 Yes	 	 Yes	 Yes	 Yes	 Yes	 No	
124	 ST399	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
125	 ST3574	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
127	 ST69	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
128	 ST582	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 No	
129	 ST2302	 Yes	 Yes	 No	 No	 Yes	 Yes	 Yes	 Yes	
130	 ST3574	 Yes	 Yes	 No	 No	 Yes	 Yes	 Yes	 Yes	
131	 ST744	 Yes	 No	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
134	 Unknown	 No	 No	 No	 No	 No	 No	 No	 Yes	
135	 ST46	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
140	 ST46	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	
142	 ST73	 Yes	 Yes	 No	 Yes	 Yes	 Yes	 Yes	 Yes	






Isolate	 Contigs	 Genome	Size	 N50	 Median	cov	 %	GC	
4	 522	 5380207	 91724	 61	 50.7	
25	 451	 4860083	 22473	 21	 50.2	
26	 177	 4921132	 186677	 57	 50.2	
27	 175	 5062444	 73668	 37	 50.2	
28	 423	 4943308	 52968	 38	 50.7	
29	 162	 5195975	 156992	 54	 50.6	
30	 595	 5259020	 144469	 62	 50.5	
31	 145	 5031929	 193417	 52	 50.6	
32	 104	 4718644	 88662	 43	 50.7	
33	 264	 5165913	 43919	 29	 50.7	
34	 137	 4952054	 154683	 65	 50.7	
35	 679	 5819703	 119015	 41	 50.2	
36	 260	 5317249	 56030	 37	 50.7	
37	 267	 5278234	 70773	 60	 50.5	
38	 696	 5416568	 56989	 39	 49.8	
39	 192	 5074375	 157554	 40	 50.7	
40	 276	 5105125	 79288	 56	 50.6	
	 260	
41	 776	 5889234	 73518	 45	 50	
42	 1199	 6098924	 65093	 45	 51.3	
47	 167	 5509356	 88846	 49	 50.6	
48	 290	 4958431	 41920	 53	 50.9	
50	 231	 5280782	 106592	 38	 50.3	
51	 237	 5576739	 156267	 49	 50.7	
59	 162	 4847688	 127892	 60	 50.5	
60	 117	 5005130	 138943	 40	 50.7	
61	 353	 5160759	 79288	 59	 50.6	
62	 259	 5105185	 82184	 43	 50.6	
63	 286	 4958474	 41415	 88	 50.9	
64	 272	 5103727	 79288	 47	 50.6	
65	 194	 5504245	 159178	 39	 50.6	
66	 330	 5264737	 43808	 15	 50.3	
67	 103	 4645868	 209822	 75	 50.5	
70	 294	 5216878	 33724	 27	 50.8	
71	 858	 5114859	 10025	 13	 50.3	
72	 204	 5295516	 70252	 48	 50.3	
75	 297	 5047152	 32268	 24	 50.5	
76	 238	 5286544	 106592	 44	 50.4	
77	 264	 5103188	 69051	 36	 50.6	
78	 167	 5311527	 95622	 76	 50.3	
79	 263	 5102908	 71683	 39	 50.6	
80	 235	 5281842	 104347	 36	 50.3	
81	 68	 4842182	 566858	 50	 50.5	
85	 63	 4400792	 308073	 79	 50.7	
86	 298	 4961041	 41920	 76	 50.9	
87	 236	 5281588	 106592	 50	 50.3	
89	 228	 5280641	 103941	 53	 50.3	
92	 236	 5282915	 103995	 56	 50.3	
95	 187	 5307968	 88085	 47	 50.3	
96	 218	 5131883	 60569	 41	 50.6	
98	 226	 5278604	 117998	 50	 50.3	
99	 228	 5280743	 103952	 52	 50.3	
101	 126	 5012714	 239922	 82	 50.7	
102	 259	 4759293	 45637	 35	 50.7	
103	 139	 4807979	 133537	 55	 50.7	
104	 175	 4911813	 144492	 39	 50.5	
106	 225	 5279146	 103918	 39	 50.3	
109	 225	 5279146	 103918	 39	 50.3	
112	 477	 5155942	 18371	 17	 50.2	
115	 105	 4867718	 222456	 91	 50.3	
117	 156	 4592101	 120802	 37	 50.7	
119	 115	 5590136	 198820	 42	 51.3	
120	 206	 4774778	 81344	 66	 50.7	
121	 210	 4774140	 81344	 88	 50.7	
122	 216	 4778594	 81344	 89	 50.7	
123	 315	 5357216	 54003	 64	 50.4	
124	 146	 4803883	 73724	 25	 50.7	
125	 195	 5104403	 146638	 42	 50.7	
127	 98	 4756764	 219158	 53	 50.5	
128	 55	 4806836	 469368	 59	 50.8	
129	 159	 4817980	 218129	 82	 50.3	
130	 138	 4761349	 119201	 50	 50.6	
131	 204	 4748758	 89414	 35	 50.7	
134	 280	 4825041	 112945	 28	 61	
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135	 253	 4726903	 55347	 79	 50.8	
140	 200	 5274466	 68343	 30	 50.3	
142	 242	 4817822	 47219	 25	 50.4	










































	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
29	 ST46	 Yes	 Yes	 	 	 Yes	 Yes	 Yes	 	 Yes	 	 	 	 	 	 	 	
41	 ST1421	 Yes	 Yes	 	 	 Yes	 	 Yes	 Yes	 	 Yes	 	 	 	 Yes	 	 	
42	 ST455	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 Yes	 Yes	 Yes	 	 	 	 	
47	 ST38	 Yes	 Yes	 	 	 Yes	 	 Yes	 Yes	 Yes	 	 	 	 Yes	 	 	 	
48	 ST131	 Yes	 Yes	 	 Yes	 Yes	 	 Yes	 Yes	 Yes	 Yes	 	 	 	 	 	 	
50	 ST3202	 Yes	 Yes	 	 	 	 	 Yes	 Yes	 	 	 	 	 	 	 	 Yes	
51	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
61	 ST131	 Yes	 Yes	 	 	 Yes	 Yes	 Yes	 Yes	 Yes	 	 	 	 	 	 	 	
62	 ST1421	 Yes	 Yes	 	 	 Yes	 	 Yes	 Yes	 	 Yes	 	 	 	 Yes	 	 	
63	 ST1421	 Yes	 Yes	 	 	 Yes	 	 Yes	 Yes	 	 Yes	 	 	 	 Yes	 	 	
66	 ST131	 Yes	 Yes	 	 Yes	 Yes	 	 Yes	 Yes	 	 	 	 	 	 	 	 	
67	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
72	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 Yes	 	 	 Yes	 	 	 	 	
75	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 Yes	 	 Yes	 Yes	 	 	 	 	
77	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
78	 ST1421	 Yes	 Yes	 	 	 Yes	 	 Yes	 Yes	 	 Yes	 	 	 	 Yes	 	 	
79	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 Yes	 	 Yes	 Yes	 	 	 	 	
87	 SST3202	 Yes	 Yes	 	 	 	 	 Yes	 Yes	 	 	 	 	 	 	 	 Yes	
89	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
92	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
95	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
96	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 Yes	 	 Yes	 Yes	 	 	 	 	
98	 ST1421	 Yes	 Yes	 	 Yes	 Yes	 	 Yes	 Yes	 Yes	 Yes	 	 	 	 Yes	 	 	
99	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
101	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
109	 ST940	 Yes	 	 Yes	 	 	 	 Yes	 Yes	 	 	 Yes	 Yes	 	 	 	 	
140	 ST46	 Yes	 Yes	 	 	 	 	 	 Yes	 	 	 	 	 	 	 Yes	 	
142	 ST73	 Yes	 Yes	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
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Appendix	4	Antibiotic	class	and	associated	genes	identified	in	WGS	of	E.	coli	isolates	
from	the	Sowe	sediment.	
Class	 Gene	
Beta-lactamase	
		
		
		
		
		
		
		
		
blaoxa	
blatem	
blaDH2	
blaCRP	
blaACT-7	
	blaCMY-63	
blacxt-m-15	
blacxt-m-14	
blacxt-m-99	
bacitracin		 bacA	
novobiocin	and	deoxycholate		
		
baeR	
baeS	
stress	response	
		
		
cpxA	
cpxR	
evgA	
acid	resistance	
		
		
		
evgS	
marA	
gadX	
macA	
macrolide	
		
		
macB	
mphA	
qepA	
fluoroquinolone		
		
		
		
		
qnrB1	
qnrS1	
gyrA	
K.pneu	acrR	
parC	
polymyxin	
		
		
		
		
		
		
		
arnA	
pmrA	
pmrB	
pmrC	
pmrE	
pmrF	
phoP	
phoQ	
vancomycin		
		
vanG	
TriC	
streptothricin		
		
sat-1	
cat	
chloramphenicol	
		
cat1	
catA1	
trimethoprim	 drfA1	
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dfrA5	
dfrA14	
dfrA17	
aminoglycoside	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
aada	
aadA1	
aadA2	
aadA5	
aadA25	
aacC4	
aac(6')-lb-cr	
aac(3)-lla	
aac(3)-I	
aph(3")-lb	
aph(3')-la	
aphA1	
aphA1-IAB	
aph(6)-id	
kdpE	
streptomycin		
		
strA	
strB	
streptothricin		 sat-1	
tetracycline		
		
		
		
		
tetA	
tetB	
tetG	
tetc	
tetD	
sulphonamide	
		
sul1	
sul2	
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